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ELECTRONIC NOSE FOR ANALYSIS OF VOLATILE ORGANIC COMPOUNDS 
IN AIR AND EXHALED BREATH 
Zhenzhen Xie 
04/03/2017 
 Exhaled breath is a complex mixture containing numerous volatile organic 
compounds (VOCs) at trace levels (ppb to ppt) including hydrocarbons, alcohols, 
ketones, aldehydes, esters and other non-volatile compounds. Different patterns of 
VOCs have been correlated with various diseases. The concentration levels of VOCs 
in exhaled breath depend on an individual subject’s health status. Therefore, breath 
analysis has great potential for clinical diagnostics, monitoring therapeutic progress 
and drug metabolic products. Even though up to 3000 compounds may be detected in 
breath, the matrix of exhaled breath is less complex than that of blood or other body 
fluids. Breath analysis can be performed on people irrespective of age, gender, 
lifestyle, or other confounding factors. Breath gas concentration can be related to 
VOC concentrations in blood via mathematical modeling; for example, as in blood 
alcohol testing. Since exhaled breath samples are easy to collect and online 
instruments are commercially available, VOC analysis in exhaled breath appears to be 
a promising tool for noninvasive detection and monitoring of diseases. Breath 




using a chemiresistor sensor array to detect biomarkers. 
The objective of this research project is to develop sensor arrays ― or so-called 
electronic nose ― for analysis of VOCs in air and exhaled breath. In this dissertation, we 
have investigated both commercial and synthesized thiol functionalized gold 
nanoparticles (AuNPs) as sensing materials for analysis of VOCs in air and exhaled 
breath. The advantages of these sensors include very high sensitivity, selectivity for 
detection of target analytes and operation at ambient temperature. The synthesis and 
material characterization of new thiols and AuNPs for increasing sensitivity and 
selectivity have been studied. 
Selected commercial thiols and in-house synthesized new functional thiols have 
been used to modify AuNP-based sensors for detection of VOCs in air and exhaled breath. 
The interdigitated electrodes (IDE) used for the sensors were fabricated by 
microelectromechanical systems (MEMS) microfabrication technologies. The sensor 
arrays were characterized by measuring the resistance difference from vacuum and 
different spiked analyte concentrations in air and breath samples. Air samples and breath 
samples were collected using Tedlar bags, and analyzed using the thiol functionalized 
AuNP sensors. The analysis of air samples provides a reference for analysis of exhaled 
breath samples. 
 The sensors have demonstrated a low detection limit of 0.1 ppbv of acetone and 
ethanol in dry air and exhaled breath. The concentrations of acetone in air and exhaled 
breath were determined by a silicon microreactor approach. The measurements of acetone 
by the microreactor approach were correlated with the sensor signals. The intellectual 




exhaled breath, which offers a new frontier in medical diagnostics because of its non-
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1. Breath Analysis 
 
Breath analysis has the potential to be a diagnostic method that links specific 
volatile organic compounds (VOCs) in exhaled breath to medical conditions [1, 2], 
and offers several advantages over other traditional diagnostic techniques that involve 
analysis of blood, urine, biopsy, endoscopy, and imaging. It could potentially provide 
a fast, complete non-invasive and painless means to access a person’s state of health, 
and virtually limitless repeatability with respect to frequency, access and cost. Even 
though up to 3000 compounds may be detected in breath, the matrix of exhaled air is 
still less complex than that of blood or other body fluids. Also, it can be used on all 
people, regardless of age, gender, race, disability or other characteristic. Table I 
compares the current widely-used medical diagnostic techniques with breath analysis 
in these aspects [3]. All these medical diagnostic techniques suffer from invasiveness 
and/or practical restrictions on repeatability. Breath analysis, if it fully realizes its 
potential, will suffer from neither, enabling revolutionary diagnostic applications. 




sample collection, cost, user-friendliness, and real-time measurement capability. For 
example, patients cannot come to a clinic daily to have their breath analyzed, as this 
would be very inconvenient and expensive in comparison to the existing alternative. 
A successful monitoring program using breath analysis would require an inexpensive, 
in-home, self-administered test. 
 
Table 1   Comparison of current widely-used medical diagnostic techniques and 
breath analysis method. (Reprinted from [3]: P.X. Braun, et al., 2012) 
 
 
The detection of VOCs in breath for diagnosing disease dates back to ancient 
times. For instance, the ancient Greek physician Hippocrates reported that some 
particular diseases could be diagnosed from the distinct odors [4]. For example, 
uncontrolled diabetes can produce acetone which has a sweet smell, liver diseases 
produce a fishy smell, while kidney failures result in a urine-like smell [5, 6]. Modern 
breath analysis began in 1971 when Pauling demonstrated that human breath is a 
complex gas, containing more than 200 different VOCs in exhaled breath, measured 




identification of these compounds have been solved due to the technical progress of 
analytical methods. More recently, the issues concerning the correlations of specific 
VOCs in exhaled breath with medical conditions have gained great interest [8]. In the 
1990s, some researchers found a correlation between nitric oxide and asthma [9-11].  
Since then, many other researchers have tried to correlate diseases with particular 
breath biomarkers, from renal failure to cancer [12-15]. 
A biomarker refers to a traceable substance, which indicates the existence of a 
living organism, as a means to examine organ function or other aspect of health. For 
example, acetone is a biomarker of diabetes [16, 17]. Acetone concentrations higher 
than 1.71 ppm are common in diabetic patients’ breath, while concentrations lower 
than 0.76 ppm is normal in healthy human breath. Table 2 shows the acetone 
concentrations in 15 diabetic patients and 15 controls as measured by an external 













Table 2   Acetone in breath from diabetic patients and controls (Reprinted from [18]: 
C. Deng, et al., 2004). 
 
    
Peng et al. identified the VOCs that can serve as biomarkers for lung cancer in 
the breath samples and determined their relative concentrations [19]. Figure 1.1 
shows the concentration levels of VOCs exhaled from lung cancer subjects compared 





Figure 1.1 Gas Chromatograph/mass spectrometry (GC-MS) analysis of healthy and 
lung cancer breath (Reprinted from [19]: G. Peng et al., 2009). 
 
The VOC analytical methods can be classified into two categories: One is 
based on gas chromatography (GC) or mass spectrometry (MS) and the other one 






2.  GC or MS Based Techniques for VOC Detection 
 
As the most commonly used method, GC and MS have been coupled to 
various sample collection methods. Among all the developed methods for VOCs, GC-
MS is one of the most widely employed techniques for VOC detection and breath 
analysis. However, these methods are commonly compatible with sample 
preconcentration process, such as cold-trap or adsorption trap method because of the 
low concentration of VOCs in breath samples [20, 21]. Solid-phase microextraction 
(SPME) is one of the most advanced sampling techniques for GC analysis [18, 22, 
23], which has some advantages over traditional extraction methods, such as simple 
sample collection, no solvent use and easy automation. 
 
2.1 Gas Chromatography-Mass Spectrometry (GC-MS) 
 
Figure 1.2 shows the schematic diagram of GC-MS. The sample is first 
injected into the GC system and then the molecules in the mixture are separated as the 
sample travels the length of the column based on the difference in the chemical 
properties between different molecules and their relative affinity for the stationary 
phase of the column. The molecules are introduced to mass spectrometry to capture, 
ionize, accelerate, deflect and detect the ionized molecules separately. The MS breaks 
each molecule into ionized fragments and characterizes the fragments by their mass-
to-charge ratio. There are several types of mass spectrometer detectors that can be 




spectrometer and ion trap mass spectrometer[24, 25]. Ion trap is more sensitive than 
quadrupole. The ions are produced by an electron beam in an ion source, stored in the 
trap and rejected according to their m/z ratio to obtain a spectrum. However, the 
major disadvantage is that the spectra are often modified by self-chemical ionization 
and collision-induced dissociation. So the interpretation of spectrum is difficult, 
especially for polar compounds such as aldehydes, alcohols, and ketones etc., which 
are important compounds in exhaled breath analysis. Wiley and McLaren described 
time-of-flight (TOF) MS as another kind of mass spectrometer in 1955 [24]. The TOF 
instrument is able to detect specific compounds related to the disease status and can 
identify the unique VOCs at the same time. Therefore, it has been suggested that GC-
TOF-MS is preferred to be used as an excellent screening tool for new biomarkers in 
the monitoring for exposures and diseases [13, 26-28]. 
 
 
Figure 1.2 Schematic diagram of GC-MS (Reprinted from [26]: A.W. Boots, et al.) 
 
GC-MS technique provides a reliable and highly sensitive method for VOC 
analysis, and offers highly reproducible results. Figure 1.3 shows the chromatograph 
of healthy human breath for the identification of metabolic end products pentane, 




limitations of GC-MS technique. It requires not only breath adsorption devices and 
column calibration for desired analytes, but also sampling and preconcentration steps 
prior to the injection of the sample into a GC column, which can lead to losses of 
analytes and contamination problems. The measurements are slow, expensive and 
currently immobile. Therefore, it is not possible for real time measurement [29-31]. 
Besides, GC-MS is less preferable to quantify some important trace compounds that 
are present in exhaled breath. 
 
 
Figure 1.3 Healthy human breath chromatograph (Reprinted from [13]: B. Buszewski, 







2.2 Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) 
 
SIFT-MS is a quantitative analytical technique for use in human breath 
analysis, and is of great interest as a non-invasive tool for physiological monitoring 
and disease diagnosis because it offers real time VOC quantification [32, 33].  Figure 







) are produced in a microwave plasma ion source, usually from a mixture 
of moist atmospheric air and corona discharge. The specific precursor ions are 
selectively separated by the first MS process and then react with the analyte 
molecules coming from the breath sample. The newly formed product ions can be 
analyzed by the second downstream quadrupole MS and detected. Therefore, 
quantification of particular trace gases in the breath sample is achieved.  
 





SIFT-MS has several advantages, including high sensitivity, low detection 
limits (ppb level), short response time, quantification of water vapor and no need for 
sample preconcentration. Kumar et al. investigated a total of 17 VOCs by SIFT-MS 
in 2013 and discriminated the esophago-gastric cancer cohort from positive controls 
by 4 VOCs (hexanoic acid, phenol, methyl phenol and ethyl phenol) [34]. However, 
this technique is expensive and it cannot identify the whole breath-print because it 
can only detect gases for which positive precursor ions are selected [35]. In addition, 
the identification of VOCs present in breath samples based only on the mass-to-
charge ratios of chemically ionized molecular ions is difficult.    
 
2.3 Proton Transfer Reaction-Mass Spectrometry (PTR-MS) 
 
PTR-MS is used for online monitoring of VOCs in complex gas mixtures 
based on chemical ionization of the target molecules by proton transfer reactions. The 
technique was developed by Hansel et al. in 1995 [36, 37]. In this method, a hollow 
cathode was exposed to water vapor to generate reagent ions (H3O
+
) with high purity. 
The ions from the source drift region are drawn by an electric field into a drift tube. In 
the drift tube, the proton transfer reactions in moist air between H3O
+
 and any 
molecule whose proton affinity exceeds that of water. The ions then reach the MS 
detector. 
PTR-MS has high specificity and high sensitivity (down to parts per trillion) 
and there is no need for sample preconcentration or separation processes, so VOC-




time measurement of samples, with a typical response time of 100 ms. VOCs can be 
monitored online, which is very important in situations where rapid and sudden 
changes of VOC concentrations are expected [38]. Moreover, PTR-MS can give more 
reliable quantitative results. Absolute concentrations are obtained directly without 
previous calibration measurements. In 2007, Wehinger et al. analyzed VOCs in 
exhaled breath samples using PTR-MS for the detection of lung cancer [39]. 
Unfortunately, proton transfer from H3O
+
 is not suitable for all fields of application, 
because only molecules with a proton affinity higher than water can be detected by 
PTR-MS [40, 41]. It is also not applicable for concentrated samples as the total 
concentration of VOCs must not exceed 10 ppmv since it is based on the assumption 
that the decrease of primary ions is negligible.    
 
Figure 1.5 Schematic representation of the PTR-MS. N stands for neutral gas species, 
while SEM stands for secondary electron multiplier. (Reprinted from [26]: A.W. 





2.4 Ion Mobility Spectrometry (IMS) 
 
Ion mobility spectrometry (IMS) is an analytical instrumental technique used 
to separate and identify ionized molecules in the gas phase according to their mobility 
in a carrier buffer gas as they move through a drift tube filled with a purified gas such 
as air or nitrogen [42, 43]. As shown in Figure 1.6, sample molecules are first ionized 
and then drift in the flight tube. The ions are distinguished as a result of the difference 
in the mas, size, shape and charge, and then the velocity is influenced by both the 
electric field and drift gas. Small ions (a) travel faster than heavier ions (b and c). 
Then they reach a detector plate and the signal is obtained. 
 
 
Figure 1.6 Schematic diagram of an ion mobility spectrometer. (Reprinted from [26]: 
A.W. Boots, et al., 2012) 
 
IMS alone is insufficient to identify an unknown compound, and it is also not 




which overcomes several limitations present in simple IMS systems [44]. Recently, 
IMS has been applied for breath analysis, which was reliable, rapid and cost-effective 
[45]. 
GC/MS based techniques give information about VOCs but the correlation 
between analytical results and actual odor perception is not direct due to potential 




Chemiresistors are a class of chemical sensor that changes its electrical 
resistance in the presence of a chemical analyte of interest. A schematic of a 
chemiresistor is shown in Figure 1.7. The gas sensor consists of a chemically 
sensitive conductive film deposited onto the electrode. Upon application of a potential 
(V), there is a measurable current or resistance, R0, across the film that changes to R 
upon interaction with an analyte of interest. There are several types of chemiresistor 
sensors using different sensing materials, including metal oxide nanowires [46-50], 
metal oxide composites [51-59], carbon nanotubes [60, 61], semiconductors [62], 
polymer nanofibers [63, 64], and nanoparticle-based materials [65] for detection of 





                                  
Figure 1.7 Schematic representation of a chemiresistive film placed on interdigitated 
electrodes. Resistance is monitored over time by the presence of an analyte. The 
adsorption and desorption processes are reversible, and the resistance is able to return 
to its original value as the compound leaves the sensing film. 
 
The chemical interaction between the sensing material and the analyte can be 
by covalent bonding, hydrogen bonding, or molecular recognition. An Analyte 
diffuses into the films at a proportion defined by its partition coefficient and this 
characterizes the sensitivity and selectivity of the chemiresistor material. The 
conductivity of the films of ligand modified GNP has been described as an activated 
core-to-core electron hopping mechanism by the following equation: 
 
ơEL = ơ0 exp [-βdδedge] exp [-EA/RT]                                                                     (1) 
 




), ơ0 is a pre-exponential constant, δedge 
is the core edge-to-edge distance, βd is the electron tunneling coefficient(Å
-1
), R is the 
gas constant, and T is the temperature (K), EA is the activation energy for electron 
transfer (kJ mol
-1







/4πƐrƐ0r                                                                                                        (2) 
 
Where e is the charge of an electron, Ɛ0 and Ɛr represent the vacuum permittivity and 
relative permittivity of the dielectric medium surrounding the metal nanoparticle, 
respectively, and r is the radius of the nanoparticles.  
 
Figure 1.8 shows monolayer-protected clusters separated by interdigitated 
self-assembled monolayer (SAM) molecules through which electron hopping occurs 
[68]. 
 
Figure 1.8 Schematic representation of a chemiresistive film of various dimensions 




SAM molecules. Electron hopping occurs from core to core when a voltage (V) is 
applied. (Reprinted from [68]: F.J. Ibanez, F.P. Zamborini, 2012) 
 
There are two important points that need to be noted regarding equation (1) 
and (2): 
(a) Conductivity is exponentially dependent on the core edge-to-edge distance, 
δ and the tunneling coefficient, βd, which decreases with increasing particle core 
distance. βd usually referred to as an attenuation factor describing the exponential 
decay in electron transfer as the distance between the nanoparticle cores increases, 
depends on the structure and molecular composition of the self-assembled molecules. 
(b) The activation energy is inversely proportional to the relative permittivity 
of the media and the radius of the core. Thus an increase in the permittivity of the 
organic matrix surrounding the metal cores increases the conductivity due to the 
decrease in the activation energy, EA.   
Equation 2 shows that EA is inversely proportional to Ɛr. A decrease in Ɛr will 
lead to an increase in EA and a corresponding exponential increase in ơEL. In general, 
ơEL from Equation 1 will change if an analyte of interest partitioning into the film of 
nanoparticles causes a change in δedge through film swelling or EA and βd by 
significantly altering the dielectric properties surrounding the monolayer. For sensing 
experiments at room temperature, a change in all three variables will affect the 






4.  Electronic Nose for VOC detection 
 
Beside of classical sample analysis techniques, electronic noses have been 
developed for exhaled breath VOC analysis. An electronic nose consists of a sample 
delivery system, a detection system and a computing system. The devices are 
commonly inexpensive, portable and amenable to use in widespread screening. In 
most electronic noses, each sensor is sensitive to all volatile molecules but each in a 
specific way. Most electronic noses use sensor arrays that react with VOCs on contact: 
the adsorption of VOCs on the sensor surface causes a change in the properties of the 
sensor. The most commonly used sensors for electronic nose include metal oxide 
semiconductor sensors, nanomaterial sensors, conducting polymer sensors, 
piezoelectric sensors, and colorimetric sensors.  
 
4.1 Metal Oxide Semiconductor Sensors 
 
Recently, metal oxide semiconductor sensors have been widely investigated 
for VOC analysis and utilized in a variety of different roles and industries [69-72]. 
Metal oxide semiconductor gas sensor devices have several advantages, such as low 
cost, small size, measurement simplicity, durability, ease of fabrication and low limits 
of detection (<ppm levels). Moreover, most metal oxide semiconductor based sensors 
tend to be stable and somewhat resistant to poisoning. Thus, they have become a 




These sensors can react with the target VOCs whereby the metal oxide 
undergoes reduction and oxidation, leading to exchange of electrons at a certain 
characteristic rate, thereby affecting the sensor’s resistance and yielding a certain 
signal [73, 74]. Therefore, the sensing materials have to be carefully selected and 
modified, and the sensor film needs to be properly deposited in order to enhance the 
sensitivity and selectivity of the reaction of the target VOCs, to shorten the response 
time, and to lower the operation temperature [75, 76]. One approach to do this is to 
obtain a high efficiency for the catalytic reactions at the sensor surface [77].  
In 1995, Barbi et al. developed a SnO2 based sensor that showed a response to 
the presence of CO gas from concentrations of 10 ppm and above [78]. In 2009, Li et 
al. compared different phases of titanium oxide (TiO2) films [79]. Anatase TiO2 was 
found to show an n type response to the presence of CO.  In 2014, Malagu et al. 
developed an array of chemoresistive gas sensors based on screen-printed metal oxide 
semiconducting films to discriminate biomarkers of colorectal cancer with high 
selectivity, including 1-iodononane and benzene, from those of interference in the gut, 
such as methane and nitric oxide [80]. The array of sensors was obtained by 
combining different materials. The best working temperature was determined for each 
sensor and the responses of different films to the target VOCs were analyzed in a 
background of realistic concentrations of CH4, NO and H2. The most selective sensors 
to benzene in dry conditions were TiTaV (TiO2, Ta2O5 and vanadium oxides) and 
STN (mixed tin, titanium and niobium oxides) in a methane background. As in the 
background of NO, the most selective sensors were ST25 650 (SnO2 and 25% TiO2) 




were ST20 650 (SnO2 and 20% TiO2), ST25 650 and ST25 + Au1% (SnO2, 25% TiO2 
and 1% Au), and their responses increased with concentration (order of 10
-2
 ppm). 
The sensor array serves as the basis to set up an electronic sensor network for target 
gases in colorectal cancer screening. It was suggested that these metal oxide 
chemoresistive sensors may represent a non-invasive and potentially inexpensive pre-
screening method for the diagnosis of colorectal cancer and a substitute for preventive 
colonoscopy. 
 
4.2 Nanomaterial Sensors 
 
Gas sensensing based on semiconducting metal oxide has had a considerable 
impact to date. However, the requirement of operating at high temperatures often 
limits the use of this type of detection. For these reasons, Korotcenkov modified some 
of the structural parameters, such as crystal shape and orientation [75]. 
Nanostructured materials (nanomaterials) offer several advantages compared with 
semiconducting metal oxide, including low working temperatures, low power 
consumption, flexibility, easy and safer operation and good chemical selectivity. The 
nanomaterials include carbon nanotubes, nanowires, nanoparticles and nanofibers. 
One of the major characteristics of nanomaterials is their exceedingly high surface 
area and the surface-to-volume or mass ratios which potentially confer high 






4.2.1 Carbon Nanotubes 
 
Carbon nanotubes (CNTs) have drawn considerable interest due to their 
unusual structure, properties (such as electronic, mechanical, thermal and optical 
properties) and possible applications since they were first discovered by Iijima in 
1991 [81]. There are two types of nanotubes: single-walled carbon nanotubes 
(SWNTs) and multi-walled carbon nanotubes (MWNTs). SWCNTs are cylinders 
consisting of a one-atom-thick layer of graphite with a diameter of several 
nanometers, and length in the order of micrometers. MWNTs have multiple rolled 
layers (concentric tubes) of graphene. In 2000, Kong et al. first reported chemical 
sensors based on SWNTs as sensing materials [82]. The device was fabricated by 
controlled chemical vapor deposition (CVD) growth of individual SWNTs from 
patterned catalyst islands on SiO2/Si substrates. Figure 1.9 shows the conductance 
versus time curves of the transistor upon exposure to NO2 and NH3 at room 
temperature. The conductance of the SWNT sample was observed to sharply increase 
by about three orders of magnitude on exposure to 200 ppm of NO2 (Figure 9A). The 
response time (time duration for resistance change by one order of magnitude) was in 
the range of 2 to 10 s and the sensitivity (the ratio between resistance after and before 
gas exposure) was 100 to 1000. The conductance of the device decreased about 100-
fold when the SWNT sample was exposed to a 1% NH3 flow after recovery from NO2 
detection (Figure 9B). The response time was about 1 to 2 min, and the sensitivity 






Figure 1.9 Conductance change of SWNT sensor when exposed to (A) 200 ppm NO2, 
(B) 1% NH3 gases (Reprinted from [82]: J. Kong, et al, 2000) 
 
Compared with SWNTs, the mechanism of MWNTs film sensing VOCs is 
more complicated due to the multilayer tube structure. However, they also show high 
sensitivity to specific gases experimentally [83, 84]. Vertically aligned MWNTs film 
was synthesized by Huang et al. by thermal CVD and the sensitivity to N2 was tested 
[85]. The MWNTs showed p-type semiconducting property and the source and drain 
resistance increased when exposed to N2. Figure 1.10 shows the electrical resistance 
between source and drain at 10 V bias voltage without any gate voltage under various 




sensor was exposed to N2 due to N2 acting as an electron donor to CNTs and 
decreasing the concentration of conducting holes on CNTs. Also, it was obvious that 
high N2 pressure made the electrical resistance higher.  
 
 
Figure 1.10 The electrical resistance between source and drain at 10 V bias voltage 
without any gate voltage under various N2 filling pressure from 50 m Torr to 500 Torr. 
(Reprinted from [85]: C.S. Huang, et al. 2005) 
 
4.2.2 Metal Nanoparticles 
 
Metal nanoparticles are dispersed on the surface of a substrate to increase the 
ratio of surface area to volume, and favor the adsorption of the gases. The electronic 
properties or the properties of the substrate change when the nanoparticles are in 




applications of metal nanoparticles are published, including charge transport [86], 
electrochemistry [87], applications in chemiresistive sensing [68, 88, 89], catalysis, 
chemical and biological sensing [90], and medicine [91]. Various metals have been 
employed, such as Au, Pt, Pd, Ag and alloys of these metals. However, Au 
nanoparticles, with organic functional groups, are the most common chemically 
modified metal nanoparticles used in chemiresistive sensing applications so far. 
During measurements, VOCs contact and react with tailored organic functional 
groups, leading to alterations in the connections between the conductive inorganic 
nanomaterials, or in some cases leading to a charge transfer between the organic 
functional groups and the inorganic nanomaterials. These alterations cause changes in 
the measured conductivity [92, 93].  
In 2005, Han et al. reported nanostructured sensing arrays for the detection of 
VOCs and nitro-aromatic compounds (NACs) [66]. The nanostructured array 
elements consist of thin film assemblies of alkanethiolate-monolayer-capped gold 
nanoparticles that were formed by molecularly mediated assembly using mediators or 
linkers of different chain lengths and functional groups. Figure 1.11 shows the 
response characteristics for the sensing responses obtained for three vapors at the 
five-sensor array system. These sensing elements display linear responses to the 
concentrations of the vapors, and the response sensitivities vary dramatically as 






Figure 1.11 Sensor response to Hx (A), Bz (B) and Tl (C) vapors. Left: response 
profiles for Hx (413, 826, 1239, 1652, 2065, 2478, 2891, 3304, 3718, and 4131 ppm, 
(A)); Bz (260, 519, 779, 1038, 1298.0, 1558, 1817, 2077, 2336, and 2590 ppm, (B)); 
and Tl (78, 155, 234, 310, 390, 466, 546, 621, 702, and 776 ppm, (C)). Right: 
corresponding response sensitivities. Sensor array materials: NDT-Au2-nm (black), 
PDT-Au2-nm (red), MUA-Au2-nm (blue), MHA-Au2-nm (dark green), MPA-Au2-





In 2009, Peng et al. fabricated an array of sensors based on functionalized 
gold nanoparticles. This sensor array can distinguish lung cancer patients from 
healthy subjects without the need for dehumidification or pre-concentration of the 
exhaled breath in any way [19]. Figure 1.12 shows the illustration of the diagnosis of 
lung cancer using breath testing. The results show great promise for fast, easy and 
cost-effective diagnosis and screening of lung cancer. The developed gold 
nanoparticle VOC sensor array could provide a simple, portable, inexpensive and 
noninvasive tool for detection of lung cancer.  
 
Figure 1.12 Illustration of the diagnosis of lung cancer using breath testing. (a), A 




from patients and simulated breath using the array of gold nanoparticle sensors. 
(Reprinted from [19]: Peng et al., 2009) 
 
4.2.3 Polymer Nanofibers 
 
Several recent studies have reported the development of different types of gas 
sensors in which nanofibers or nanowires are used to detect trace amounts of harmful 
gases effectively and rapidly [48, 94-98]. In particular, conducting polymer 
nanofibers have been developed rapidly in various applications including chemical 
sensors [64, 99-103], metallic materials in electronic devices [104, 105], 
electromagnetic radiation shielding [106] or interconnects in circuits [107]. The 
sensing mechanisms of conducting polymers can involve redox reactions, ion 
adsorption and desorption, volume and weight change, chain conformational changes, 
or charge transfer and screening. Conducting polymers have an advantage in 
achieving high sensitivity and selectivity due to their chemical and structural diversity 
compared to the inorganic counterparts. 
Electrospinning is considered a convenient method to fabricate polymer 
nanofibers with controlled diameters ranging from tens of nanometers to micrometers 
[108, 109]. This approach uses an electrostatic field to form and accelerate liquid jets 
from the tip of a needle. The electrospinning process and a SEM image of electrospun 
fibers are shown in Figure 1.13 [110]. The apparatus consists of a high voltage power 






Figure 1.13 (A) A schematic of electrospinning process. (B) A SEM image of typical 
electrospun fibers. (Reprinted from [110]: Ding, et al.) 
 
Several conducting polymers and their composites have been investigated for 
practical applications, which are summarized in Table 3. All of them possess high 
conductivity and good environmental stability. The selective absorption of VOCs can 
change the volume of the polymer composite, leading to the alteration of resistance 
between the electrical contacts [111]. Among these polymers, polyaniline (PANI) is a 
frequently investigated electrically conducting polymer as gas sensing material. For 
example, Macagnano reported rapid responses and good analyte sensitivity with 
various blends of PANI and insulating host polymers (polystyrene, polyethylene 
oxide (PEO) and polyvinylpyrrolidone (PVP)) [112]. PANI-PEO was the most porous 
layer with good electrical performance and high sensitivity to ammonia, but was the 
most fragile sensor when encountered by high humidity and temperature. PANI-PVP 
tended to be a good sensor of NO2, but it was strongly influenced by humidity. PANI-




humidity (up to 50% RH). Overall, the conducting polymer sensors are attractive for 
their low cost, low power consumption, ease of measurement and good performance 
at room temperature. 
 
Table 3   Representative conducting polymers (Reprinted from Yoon, H.) 
 
 
5. Motivation of This Work 
 
Due to the high demands by the Department of Homeland Security for 
efficient methods to detect explosives and chemical warfare agents and by the 
Environmental Protection Agency to monitor air quality for compliance with 
environmental regulations, rapid on-site detection of trace amounts of VOCs in air 
becomes an important research area. Rapid detection of trace toxic gases requires 
amenability to multiple locations, fast analyses and even quantification of the gas 




analytical methods because target VOC concentrations are low and they are mixed 
with other interfering gases. GC or MS based techniques do not meet the 
requirements for on-site monitoring of environmental air quality because of the 
disadvantages of long sample process times, low sampling frequency, limited 
detection range, and large, unwieldly instruments. 
Gas sensors have been used for many applications, such as detecting trace 
chemical warfare agents, explosive chemicals and monitoring emissions of air 
pollutants. Metal oxides, particularly p-type and n-type wide band gap 
semiconductors, such as ZnO, SnO2, TiO2, WO3, and In2O3, have been used for gas 
sensing. Target gases either provide or consume electrons from the sensing metal 
oxides upon adsorption, thus inducing measurable conductivity changes in the metal 
oxide thin films. Metal oxide based gas sensors have many advantages over other 
types of gas sensors including rapid response and recovery times, simple sensor 
structure and low cost. However, it is extremely difficult to use one or two gas 
sensors to analyze target VOCs in air because of the interference of other trace VOCs. 
In recent years, microfabricated metal oxide gas sensor arrays, or so-called electronic 
noses, have shown promise for the analysis of complex VOC mixtures in air and in 
exhaled breath. However, performance issues, such as the challenges of high power 
consumption, low sensitivity and poor selectivity of metal oxide gas sensors have 
prevented microfabricated gas sensor arrays from being widely applied. Thus, there is 
a critical need to develop real-time, portable, high performance sensors to detect 




Herein, we propose novel functionalized gold nanoparticle based gas sensor 
arrays for on-site detection of target VOCs in air and exhaled breath. These sensors 
have better chemical sensitivity, selectivity and lower power consumption and are 
inexpensive, portable, easy to use and can obtain data in real time. Therefore, the 
sensor based VOC detection techniques have huge potential for point-of-care use. 
 
6. Objectives of This Work 
 
The overall objective of this thesis work is to develop a sensor array for 
analysis of VOCs in air and exhaled breath. Selected thiols have been used to modify 
AuNPs for detection of VOCs in air and exhaled breath. Four specific objectives are 
described as below: 
 
(1) Design and develop a functional motif to actuate specificity in detection of 
selected endogenous VOCs. 
(2) Synthesize gold nanoparticles with different of thiols. Analyze the 
sensitivity and selectivity of the sensors between different gold-thiolate nanoparticles 
for the detection of VOCs in air and human breath and establish a linear regression 
model of the response with increasing concentrations of VOCs.  
(3) Understand the basic mechanism of the conductivity of gold nanoparticle 
films by exploring the interaction between sensing film and VOCs and the effect of 
different thiol functional groups.  





7. Dissertation Organization 
 
The dissertation consists of six chapters including present chapter. The 
following summary presents the scope of each chapter. 
In the first chapter, the importance and mechanism of chemiresistors and the 
application in breath analysis are discussed. Different techniques and materials for 
detection of volatile organic compounds are reviewed. The motivation and objectives 
of this work are also stated in this chapter. The organization of this dissertation is 
outlined. 
In the second chapter, a brief introduction to several commercial thiol 
functionalized gold nanoparticle (AuNP) gas sensors is given. Experimental detail on 
synthesis of thiol functionalized AuNPs and design and fabrication of interdigitated 
electrodes (IDE) are described. Thiol structure and AuNP characterization is 
discussed. The sensor measurement process and sensor response characteristics are 
explained.  
Chapter III introduces a new molecular recognition motif to improve the 
sensitivity and selectivity of the sensors. The synthesis and characterization of gold 
nanoparticles with tert-butyl monoalkoxyurea thiol are demonstrated. Furthermore, 
sensing properties of the designed urea thiol sensor and comparison with commercial 
thiol sensors, as well as long-term stability of the sensors, are studied. The 




Chapter IV demonstrates the application of electronic nose for detection of 
acetone in diabetes from exhaled breath. This application highlights the ability of the 
electronic nose to discriminate different levels of acetone concentration in breath 
samples. In this chapter, the microreactor for determination of initial concentration of 
acetone in breath is described. Humidity effect on the chemiresistors and breath 
sample storage time are monitored.  
In chapter V, three series of urea thiols with urea-NH-carbonyl interactions 
are synthesized based on the mechanism proposed in chapter III. To develop an 
optimal acetone-binding substrate for attachment to gold nanoparticles, panels of 
monoalkoxyurea thiols, alkyurea thiols, and bis-alkoxyurea thiols that differ 
principally in a control group R are prepared. Sensor sensitivity and selectivity 
toward acetone are compared.  
The last chapter consists of a summary of conclusions obtained from the 





CHAPTER II  
 
THIOL FUNCTIONALIZED GOLD NANOPARTICLE GAS SENSOR FOR VOC 




Over the past few years, nanoparticle-structured materials for use in novel 
biochemical and chemical sensors have attracted increasing interest [113-118]. As for 
thiol functionalized gold nanoparticles, they are composed of roughly spherical Au 
cores surrounded by organic monolayer shells, which are usually an alkanethiolate, 
ω-functionalized alkanethiolate, or aromatic thiolate (Figure 2.1) [119].  Recent 
developments in functionalized nanoparticles have provided a new kind of ‘hybrid 
material’ that combines the advantages of organic specificity with the robustness and 
processability of inorganic materials. They have been used in vapor phase sensing 
devices that can successfully detect VOCs [66, 120] or even diagnose lung cancer 
from exhaled breath [19], since their structure can be easily adjusted, such as the core 
size and ligand type. These sensors are fabricated by depositing thin films of ligand-





Figure 2.1 Schematic representation of thiol functionalized gold nanoparticle. 
(Reprinted from Rowe, M.P. et al.) 
 
A typical sensor consists of a VOC delivery system, different thiol 
functionalized AuNP coating material, and a transduction element that converts a 
chemical or physical interaction between the analyte and sensitive coating into a 
measurable electronic signal. When analyte molecules are in the vapor phase, the 
VOC is transported to the sensor and detected in air under ambient conditions. The 
vapor phase analytes partition into the sensitive film and a direct change in the 
resistance of the film provides the signal for quantifying the vapor concentration of 
the analyte. The concentrations of the analyte in the sensitive film (Cf) and the 
concentration of the analyte in the vapor phase (Cv) are related by the thermodynamic 
partition coefficient (Kd) as shown in the following equation [68, 118]: 
 





Kd depends on the relative affinity of the vapor phase molecules for the film versus 
the vapor phase. The sensor response (Rs) is usually assumed to be directly related to 
Cf, which is directly related to KdCv as follows: 
 
Rs=f(KdCv)                                                                                                                    (4) 
 
Gold is the preferred choice of metal because of its chemical inertness. Ibanez 
and Zamborini studied the chemiresistive sensing properties of Au and AuAg alloy 
NPs [121]. Silver NP films did not exhibit an appreciable response to any VOCs, 
although the films were conductive. This could be due to the higher propensity for Ag 
to air oxidize compared to Au. In the process of sensor coating, gold nanoparticles 
provide electrical conductivity to the material.   
In this Chapter, we describe the sensor response of AuNPs with different 
chain lengths and functional groups to acetone, ethanol, benzene and ethylbenzene 
vapor. We synthesized the AuNPs using a two-phase reduction approach. We 
designed and fabricated the interdigitated electrode in the cleanroom lab at the 













Hydrogen tetrachloroaurate (HAuCl4), 1-dodecanethiol, 1-octadecanethiol, 4-
methoxy-α-toluenethiol, 11-mercaptoundecanoic acid, tetraoctylammonium bromide 
(TOAB) and all organic solvents (e.g., ethanol 200 proof) were obtained from Sigma 
Aldrich. Sodium borohydride was purchased from Fluka. 1-tetradecanethiol and 1-
hexadecanethiol were purchased from Alfa Aesar. Tedlar bags were purchased from 
Supelco (Bellefonte, PA). Cylinder dry air was obtained from Welders Supply Co. of 
Louisville. Deionized water was used throughout the experiment. 
 
2.2 Synthesis of thiol functionalized gold nanoparticles (AuNPs) 
 
AuNPs were synthesized using a two-phase reduction approach as reported by 
Brust et al. [122]. This method delivers particles with diameters in the range 1-3 nm.  
The following solutions were prepared: HAuCl4 (0.05 g) was dissolved in deionized 
water (4 mL); TOAB (0.08 g) was dissolved in toluene (20 mL).  The aqueous 
HAuCl4 solution was added to the toluene TOAB solution with vigorous stirring until 
all the tetrachloroaurate transferred into the organic layer.  A 1:1 thiol: Au molar ratio 
of thiols then was added in separate experiments to the toluene phase. An aqueous 
solution of NaBH4, freshly prepared by dissolving NaBH4 (0.056 g) in deionized 




rapid color change occurred as the NaBH4 solution was added.  After stirring for at 
least 3 h at room temperature, the organic phase was separated and the AuNPs were 
precipitated by dropwise addition of the organic phase into ethanol (400 mL) with 
rapid stirring.  After settling overnight at room temperature, the clear supernatant was 
decanted and the settled AuNPs were filtered and washed with ethanol.  The AuNPs 
then were dissolved in toluene (10 mL) and precipitated again by dropwise addition 
into ethanol (200 mL).  After standing overnight at room temperature, the suspension 
was centrifuged and the collected particles were washed with ethanol and dried at 
40 °C in an oven to yield AuNPs (ca. 30 mg) suitable for sensor formation. 
 
2.3 Interdigitated electrodes (IDE) fabrication and AuNP film deposition 
 
The interdigitated electrodes (IDE) were designed using the Computer Aided 
Design (CAD) program L-Edit. L-Edit allows for the design of photomasks for use 
with photolithography. All IDEs were designed to fit into a 400 μm x 400 μm area 
with metal lines 20 μm wide and 3000 μm long connected to 3 mm x 3 mm metal 
contact pads. Similar IDEs were placed in an arrangement to fit onto a standard 4-
inch silicon wafer.  The IDEs were fabricated utilizing the microfabrication technique 
known as the lift-off process. The lift-off process starts with a sacrificial layer of 
photoresist coated on substrate.  After photoresist is patterned by photolithography, a 
metal layer is deposited.  Finally, the sacrificial layer is removed by dissolving in a 




Figure 2.2 depicts the process flow diagram of the lift off process used to 
fabricate the IDEs.  A standard 4-inch diameter silicon (Si) wafer (step a) with a thin 
insulating layer of silicon dioxide (SiO2) (~1 μm) was coated with LOR-3A, a liftoff 
promoting resist, and then coated with Shipley 1813 positive photoresist using spin 
casting (step b). At the recommended spinner settings for LOR-3A and Shipley 1813, 
an approximately 1.3 μm-thick layer of photoresist was deposited on the wafer. The 
wafer was then placed into a Suss MA6/BA6 Mask Aligner and exposed to ultra 
violet (U.V.) light for 9 seconds, using the dark field mask in Figure 2.2 (step c). The 
UV light caused the positive photoresist to sinter in the areas exposed. The wafer was 
then placed into a bath of MF319, a photoresist development solution, for about 30 
seconds. The wafer was inspected for the complete development of the exposed 
photoresist to ensure that IDE features would turn out functional. The wafer was then 
sputtered with platinum (Pt) using a Kurt J. Lesker PVD 75 DC Sputter (step d). To 
promote the Pt adhesion to the SiO2 layer, a thin layer of chromium (Cr) was 
deposited prior to sputtering the Pt. The Cr was sputtered for 1 minute and the Pt for 4 
minutes, which results in a 163 nm-thick Pt/Cr layer. The wafer was then placed in to 
an N-methylpyrrolidin (NMP) bath with agitation for 24 hours to complete the lift off 






Figure 2.2 IDE fabrication process flow diagram 
 
To complete the IDE fabrication process, the wafer was then diced into 1 cm 
by 1 cm IDE chips. The individual IDEs were then inspected for completeness of the 
lift off process using a ZEISS Axioskop Optical Microscope. Figure 2.3 displays the 




                         
Figure 2.3 SEM micrograph of the gold nanoparticles on interdigital electrodes and 
optical picture of the sensor device. 
 
The thiol-coated AuNPs in toluene (0.2%) were dispersed by sonication at 
room temperature for 20 min and then cast onto the IDE area by dropwise addition.  
The toluene was evaporated at room temperature to leave a flat, roughly circular film 
of gold nanoparticles. The AuNP-coated sensors then were stabilized overnight at 
40 °C in a vacuum oven.  AuNP sensors functionalized with 1-dodecanethiol (DDT), 
1-hexadecanethiol (HDT), 1-octadecanethiol (ODT), 4-methoxy-α-toluenethiol 










Table 4   Thiols used to functionalize the AuNPs chemiresistors 
 
Sensor Thiol Symbol Structure 
1 4-methoxy-α-toluenethiol MTT 
 
2 11-mercaptoundecanoic acid MUA 
 
3 1-dodecanethiol DDT  
4 1-hexadecanethiol HDT  
5 1-octadecanethiol ODT  
 
2.4 Sensor Measurements 
 
Gas sensors based on AuNPs individually functionalized with the thiol panel 
of Table 4 were placed inside a homemade stainless steel test chamber.  The chamber 
was first evacuated and then a pulse of a VOC in air was introduced from a sample 
bag attached to the test chamber.  After a given time, the chamber was evacuated 
again. The VOC samples were prepared using Tedlar bags that had been flushed with 
dry air three times.  An appropriate amount of VOC, for example 3 μL of acetone, 




the bag, a gaseous concentration of 1000 ppm is achieved. Then, 10 mL of the above 
gas sample was collected by an air-tight glass syringe and injected into a new 1 L 
Tedlar bag followed by a dilution process using 990 mL dry air, resulting in an 
acetone concentration of 10 ppm. For lower concentrations of analytes, a similar 
process was carried out again.  The acetone concentrations were validated by 
preconcentration in microreactors as described by Li et al. [123]. 
The resistance of an individual sensor was monitored at a fixed applied 
voltage of 5V by a Keithley 2400 I-V meter and recorded as a function of time using 
the Labview program.  The output voltage was set and a pulse current of the sensor 
was sent to the sensor every second.  The resistance was calculated based on Ohm’s 
law. In a typical experiment, sensor response was measured over 5 min under vacuum, 
followed by gas sample exposure for 5 min, and then again for 5 min under vacuum. 
The cycles were repeated two to three times to test reproducibility. Each sensor was 
examined at different concentrations of acetone, ethanol, ethylbenzene and benzene in 
air. All experiments were performed at room temperature. 
 





The sensor response to VOCs in air is defined by the following equation [19]: 
Response=R0/Rgas-1 
where R0 and Rgas are the resistances of the sensor under vacuum and in the presence 
of the gas to be sensed, respectively. The response and recovery times were defined 
as the time taken by the sensors to achieve 90% of the total resistance change in either 
the adsorption or desorption case. 
 
3. Material Structure and Characterization  
 
Transmission Electron Microscopy (TEM) studies were performed using a FEI 
Tecani F20 transmission electron microscope. A field emission gun (FEG) was used 
for the electron source and the studies were performed at the accelerating voltage of 
200 keV. The specimens for examination by TEM analysis were prepared by 
evaporation of one or two drops of an ethanol solution of the gold nanoparticles on 
lacey-carbon coated copper grids. Figure 2.5 (a) shows the TEM micrograph of as-
synthesized DDT functionalized AuNPs. Figure 2.5 (b) represents the histogram of 
the AuNP size distribution. The size of the AuNPs ranged from 2-4 nm, which is 
consistent with thiol monolayer results reported by Brust [122, 124]. AuNPs 





Figure 2.5 (a) TEM micrograph of DDT functionalized AuNP and (b) histogram of 
AuNP size distribution. 
 
The IR spectrum of the nanoparticles resembles that of 1-dodecanethiol (Figure 
2.6) and 4-methoxy-α-toluenethiol (Figure 2.7) giving clear evidence that both thiols 
form part of the composite. The mode assignments are given in the figures. For 1-
dodecanethiol, all the main peaks are observed in the AuNP. For 4-methoxy-α-
toluenethiol, the absence of an S-H stretching mode in the spectrum of the particles 




assembled monolayer on gold surface, which has been a subject of some discussion in 
the past [125-127].  
 






Figure 2.7 IR spectra of DDT and AuNP functionalized with DDT prepared in the 
present work. The particles were deposited on a disc by evaporation of a drop of an 
ethanol solution. 
 
TGA is a very useful technique to estimate the thermal stability as well as 
organic content of organic-inorganic hybrid materials. To understand the extra 
stabilization offered by thiol moiety present in the AuNPs, TGA analysis was carried 
out. Figure 2.8 shows the thermogravimetry analysis (TGA) of the AuNP 
functionalized with (A) 1-dodecanethiol, and (B) 4-methoxy-α-toluenethiol. For TGA 
measurements, 5-30 mg of accurately weighed, extensively dried (vacuum, room 
temperature) samples were loaded and analyzed under N2 atmosphere in standard 
aluminum pans. TGA runs were recorded from 30 to 800 °C at a ramp rate of 




almost no weight change for DDT AuNPs around 100°C (Figure 2.8A), which is 
because 1-dodecanethiol is a long alkane chain thiol, so there is little to no water 
moisture adsorption. Then, the amount of thiol coating on the gold nanoparticles is 
determined by further heating at 10°C/min through decomposition of the coating. The 
coating on AuNPs initiates decomposition around 230 °C. The material continues to 
decompose till 340 °C with TGA measurements. At 340 °C, the TGA has a residual 
mass of 82%. Figure 2.8B shows AuNPs functionalized with MTT. There’s about 3% 
weight loss when the temperature increases from 30 to 100 °C because of the 
associated water moisture with the material. After heating to 100 °C, the excess water 
seems to be driven off and the organic monolayer shells initiate decomposition 
around 180 °C and the weight starts to stabilize at 280 °C with the residual mass of 
83%. The loss of organic component can be determined by subtracting the water loss 
from the total weight loss. It was found that there was 14% thiol in the as-synthesized 
MTT functionalized gold nanoparticles. So in 7 mg AuNP, the weight of thiol is 0.98 
mg, which leads to 6.4 μmol MTT thiol. 
 






4. Sensor Response Characteristics 
 
In this section, the general response characteristics for the sensor array system 
with different thiol functionalized AuNP chemiresistors in response to different 
vapors are described. The response profiles for the five sensing array materials on 
IDE devices, i.e., MTT-AuNPs, MUA-AuNPs, DDT-AuNPs, HDT-AuNPs, and 
ODT-AuNPs, to a series of volatile organic vapor analytes were first examined. The 
VOCs tested included acetone, ethanol, benzene, and ethylbenzene. 
The array sensing materials differ from each other in terms of the chemical 
and physical nature of the mediator molecules, including hydrophobicity, chain length 
and structure. Because of these differences, the film conductivity properties are 
different from each other. The differences in the conductivities reflect the difference 
of a combination of parameters, including core edge-to-edge distance, electron 
tunneling coefficient, and activation energy of electron transfer, which are important 







Figure 2.9 (A) Sensor response profile for MTT AuNP film in response to ethanol 
vapor at the concentrations from 0.1 ppb to 1000 ppm, (B) Sensor response versus 
log[analyte (ppb)] in detection of acetone, ethanol, benzene and ethylbenzene. The 
responses are nearly linear. Error bars indicate the variability among three different 





Figure 2.9(A) shows the response data to ethanol vapor at different 
concentrations in dry air on MTT AuNP film. The response profile shows that the 
resistance decreases in the presence of ethanol, which is probably due to the increase 
in the permittivity of the organic matrix surrounding the metal cores. The resistance 
returns to baseline value upon chamber evacuation. The response is rapid and 
reversible. Figure 2.9(B) shows the response characteristics for different vapors at 
different concentrations for MTT AuNP film. The slope of the linear regression curve 
serves as a direct measure of the response sensitivity. It indicates that MTT AuNP 











Figure 2.10 (A) Sensor response profile for MUA AuNP film in response to acetone 
vapor at the concentrations from 0.1 ppb to 100 ppm, (B) Sensor response versus 





We also tested responses of other AuNP films in the array to acetone, ethanol, 
benzene and ethylbenzene vapor molecules. Figure 2.10 to 2.13 show the response 
characteristics for the sensing response obtained for these vapors at the sensor array 
system (sensing film: MUA AuNP, DDT AuNP, HDT AuNP, and ODT AuNP). As 
can be seen, the calibration curves display fairly linear responses to the log 
concentrations of vapors. The response of benzene is linear at low concentrations, but 
it saturates above 100 ppb on DDT AuNP film. Same situation was found for ODT 
AuNP film to ethylbenzene vapor, which saturates above 1 ppm. This occurs because 
the VOCs have different vapor pressures, so the concentrations are different at 
different levels of saturation. MUA shows larger response to benzene; however the 











Figure 2.11 (A) Sensor response profile for DDT AuNP film in response to acetone 
vapor at the concentrations from 0.1 ppb to 10 ppm, (B) Sensor response versus 







Figure 2.12 (A) Sensor response profile for HDT AuNP film in response to acetone 
vapor at the concentrations from 0.1 ppb to 1000 ppm, (B) Sensor response versus 







Figure 2.13 (A) Sensor response profile for ODT AuNP film in response to acetone 
vapor at the concentrations from 0.1 ppb to 1000 ppm, (B) Sensor response versus 





In order to see clearly the interference of different VOCs, here we plot the 
responses of the five sensors to 0.1 ppm acetone (blue), ethanol (red), benzene (green) 
and ethylbenzene (purple) (Figure 2.14). At a first glance, all sensors are responsive 
to every analyte and individual thiols induce different selectivity.  The responses to 
different VOCs increases from DDT (C12S) to ODT (C18S) as the alkane chain length 
increases.  
 









Table 5   Response sensitivities of different vapors on 5 thiol functionalized AuNP 
sensors  (the sensitivity of VOCs for 1-dodecanethiol Au NP sensor was obtained in 
the linear regime) 
 
VOC 1 2 3 4 5 
Acetone 0.0533 0.0367 0.0744 0.3877 0.9263 
Ethanol 0.4463 0.0265 0.0496 0.1824 1.2426 
Benzene 0.0965 0.0601 0.1615 0.1783 0.9688 
Ethylbenzene 0.106 0.045 0.021 0.0688 0.9154 
 
Based on the above response data, we further compare the response 
sensitivities in Table 5.  By comparing sensors 3, 4, and 5, we can see the sensor 
responses and sensitivities are increasing with an increase in the alkyl length 
surrounding the AuNPs. Films containing the longest alkyl chain length (ODT AuNPs) 
responded greater to all vapors in the range from 0.1 ppb to 1000 ppm. Therefore, 
while films of AuNPs coated with thiols with a larger number of carbons displayed 
lower conductivity, they provide more absorption sites for the film to interact with the 
analyte and swell, and thus improve sensor sensitivity [67]. These films have a larger 
partition coefficient (Kd), which leads to a larger response according to Equation (3) 




selectivity is observed for the sensor to VOCs. A further improvement of the sensor 




Here, the capability of molecularly mediated assemblies of gold nanoparticle 
structured sensing materials for the detection of VOCs is demonstrated. The 
nanostructured array elements display linear responses to the vapor concentrations. 
This method can measure the concentrations of VOCs in a wide range from 0.1 ppb to 
1000 ppm. The 4-methoxy-α-toluenethiol sensor is more selective to ethanol, while 
the ODT sensor is selective to both acetone and ethanol. Also, films with larger 
number of alkyl chain length in the chemiresistor showed greater responses and 
sensitivities to VOCs. However, the overall selectivity of these sensors is low, which 







ACTUATING GOLD NANOPARTICLE CHEMIRESISTOR SENSITIVITY AND 





Poor sensitivity and selectivity are common challenges faced by gas sensing 
chemiresistors. Devising a functional motif to actuate specificity in detection of select 
endogenous VOCs requires molecular-level control [128]. The high level of control 
afforded by H-bonded ensembles in numerous supramolecular structures has inspired 
us to harness H-bonding to develop a functional sensing device [129, 130]. The 
unique and parallel-oriented H-bonding networks formed by urea moieties and the 
complementarity of this functionality with oxygen atoms of oxyanions and other 
anionic species has given rise to myriads of anion receptors [131, 132], gelators [133, 
134], and small molecule catalysts [135]. The seminal report by Kaftory et al. on the 
role of H-bonding in determining the crystal structures of adducts between acetone 
and urea derivatives has prompted much effort toward developing urea motifs as 




couple the carbonyl selection properties of urea H-bonded networks with the 
conductive properties of gold nanoparticles. 
 Chemiresistors based on metal nanoparticles hold a prominent role in tracing 
VOCs due to their controllable selectivity, high sensitivity, low detection limits, low 
out-put impedence, and their ease in integration with other microelectronic systems 
[92, 137, 138]. Since Wohltjen et al. reported the first ligand-stabilized AuNP 
chemiresistor for VOC detection [113], numerous researchers have explored AuNP-
based sensing platforms in detecting various VOCs [68, 139-143] and under various 
conditions, including high humidity [144]. However, the fabrication of a 
chemiresistor that responds selectively to carbonyl substrates and is simultaneously 
resistant to other chemotropic agents remains to be realized. 
    To prepare such a chemoselective sensing platform and to provide tailored 
nanoparticle samples for real-world applications, we examined use of a prototype 
ligand 1-(tert-butyl)-3-((11-mercapto-undecyl)oxy)urea (1). Thiol was synthesized 
through acylation of an aminooxy intermediate to afford this unprecedented thiol-
terminated monoalkoxyurea motif. It then was incorporated onto AuNPs and tested 










2. Synthesis of Gold Nanoparticles with Monoalkoxyurea Thiol 1 
 
2.1 Materials and Methods 
 
Reagent grade solvents were used for extractions and for purifications via 
flash column chromatography. Tetrahydrofuran (THF) was dried by distillation over 
Na/benzophenone. Dichloromethane (DCM) and dimethylformamide (DMF) were 
dried by distillation over CaH2. 
The progress of reactions was monitored by thin-layer chromatography using 
silica gel 60 A° F-254 plates.  The plates were visualized first by UV illumination and 
then by staining using a p-anisaldehyde stain.  Column chromatography was 
performed using silica gel (230-400 mesh).  
11-Bromo-1-undecene, thioacetic acid, and tert-butyl isocyanate were 
purchased from Sigma-Aldrich. N-Alkoxypthalimide 2 (Figure 3.1) was prepared 
according to a literature procedure [145]. 1-(tert-Butyl)-3-((11-mercapto-
undecyl)oxy)urea (1) was prepared by analogy to a reported method [146].  
NMR spectra were obtained using a Varian/Agilent 400-MHz NMR 
spectrometer equipped with a 5 mm z-axis gradient AutoX probe operating at the 
nominal 
1
H frequency of 399.66 MHz and 
13
C frequency of 100.49 MHz.  All spectra 
are reported in parts per million (ppm) relative to the residual solvent peak in 
1
H 
NMR and the deuterated solvent peak in 
13
C NMR.  Mass samples were analyzed on 
a hybrid linear ion trap (LIT) FT-ICR mass spectrometer (LTQ-FT, Thermo Electron, 




BioSciences, Ithaca, NY) with an ‘‘A’’electrospray chip (nozzle inner diameter 5.5 
lm).  The TriVersa NanoMate was operated in positive ion mode by applying 1.85 kV 
with 0.1 psi head pressure.  Melting points were acquired using Fisher-Johns melting 
point apparatus.   
 
2.2 Procedures for Synthesis of Monoalkoxyurea Thiol 1 
 
Monoalkoxyurea thiol 1 was prepared by Dr. Mandapati Raju (University of 
Louisville, Department of Chemistry). 
 
 
Figure 3.1 Synthetic route for preparation of monoalkoxyurea thiol 1. NHP = N-
hydroxyphthalimide, AIBN= azoisobutyronitrile. 
 
2-(Undec-10-en-1-yloxy)isoindoline-1,3-dione (2). A stirred solution of N-




mmol) in DMF (60 mL) was heated to 80 °C.  As the mixture turned dark brown, 11-
bromo-1-undecene (2.83 mL, 12.9 mmol) was added and stirring was continued.  
After 10 h, the reaction mixture was allowed to cool to room temperature and then 
poured into water (60 mL).  The aqueous layer was extracted with ethyl acetate (4 X 
60 mL).  The combined organic layer was washed with 5% LiCl solution (2 X 50 mL), 
dried (MgSO4), filtered, and then concentrated by rotary evaporation.  The crude 
product was purified by SiO2 column chromatography, eluting with a 15:85 mixture 
of EtOAc:hexane, to afford 3.51 g (86%) of 2 as a white solid; mp = 35-37 °C 
(lit.[147] = 38-40 °C); TLC, Rf = 0.69 (2.5: 7.5, EtOAc: hexane).
 
 
General hydrazinolysis and urea formation procedures: To a solution of 
phthalimide 2 (1.00 g, 3.17 mmol) in CH2Cl2 (10 mL) at 0 °C was added hydrazine 
(10.2 mL of 1.0 M solution in THF, 10.2 mmol).  The reaction mixture was stirred at 
0 °C for 1.5 h and then filtered.  The retentate was washed with CH2Cl2 (10 mL) and 
the combined organic solvents then were concentrated by rotary evaporation.  The 
crude aminooxy product so obtained was used directly in the next step without further 
purification (Note: protect from carbonyl vapors, such as laboratory acetone). 
To a stirred solution of the crude aminooxy (0.58 g, 3.17 mmol) in dry CH2Cl2 
(15 mL) at room temperature under argon was added dry Et3N (0.48 mL, 3.45 mmol) 
via syringe.  The reaction mixture was cooled to 0 °C and then t-butylisocyanate 
(0.32 mL, 2.87 mmol) was added dropwise over 5 min.  The reaction mixture was 
slowly allowed to reach room temperature and stirred 10 h before concentrating by 
rotary evaporation.  The residue was purified by SiO2 flash column chromatography, 




1-(tert-Butyl)-3-(undec-10-en-1-yloxy)urea (3): Using the general procedure 
outlined above, 2 (1.00 g, 3.17 mmol) was transformed into 3, 0.62 g (68%) as a 
colorless liquid; TLC, Rf = 0.51 (2.5:7.5, EtOAc:hexane). 
General thioacetate formation procedure: A solution of urea 3 (0.5 g, 1.75 
mmol) and azobis(isobutyronitrile) (0.043 g, 0.26 mmol) in dry THF (20 mL) was 
heated to reflux whereupon thioacetic acid (0.25 mL, 3.51 mmol) was added via 
syringe.  The reaction mixture was stirred at reflux 8 h and then concentrated by 
rotary evaporation.  The residue was purified by SiO2 column chromatography, 
eluting with a 15:85 mixture of EtOAc:hexane, to afford thioacetate derivative. 
S-(11-((3-(tert-Butyl)ureido)oxy)undecyl) ethanethioate (4). Using a 
general procedure outlined above, 3 (0.50 g, 1.75 mmol) was transformed into 
thioester 4, 0.48 g (75%) as a pale yellow liquid; TLC, Rf = 0.42 (2.5:7.5 
EtOAc:hexane). 
General thioacetate cleavage procedure: To a solution of thioester urea 4 
(0.50 g, 1.38 mmol) in EtOH (10 mL) was added 12 N HCl (1.1 mL, 11.0 mmol).  
The reaction mixture was heated to reflux and stirred.  After 4 h, the reaction mixture 
was cooled and then concentrated by rotary evaporation.  The residue was dissolved 
in water (10 mL).  The resultant solution was cooled to 0 °C and the pH was adjusted 
to slightly alkaline using saturated NaHCO3 solution. The aqueous layer then was 
extracted with CH2Cl2 (4 X 30 mL).  The combined organic phase was washed with 
saturated NaCl (2 X 20 mL), dried (MgSO4), filtered and concentrated under reduced 




1-(tert-Butyl)-3-((11-mercaptoundecyl)oxy)urea (1). Using the general 
procedure outlined above, 4 (0.50 g, 1.38 mmol) was transferred into thiol urea 1 
(0.38 g, 86%) as a pale yellow liquid that was directly applied to gold nanoparticles; 
TLC, Rf = 0.44 (2.5:7.5 EtOAc:hexane). 
 
2.3 Synthesis of Gold Nanoparticles Functionalized with Monoalkoxyurea Thiol 
1.  
 
The AuNP synthesis procedure described in Chapter 2 was applied here using 
the new thiol. First, 0.05 g of HAuCl4 was dissolved in 4 mL of deionized water; 0.08 
g of TOAB was dissolved in 20 mL of toluene. Then the aqueous HAuCl4 solution 
was added to the toluene TOAB solution with vigorous stirring until all the 
tetrachloroaurate transferred into the organic phase. Next monoalkoxyurea thiol 1 
(thiol: Au molar ratio of 1:1) was added in the above solution. An aqueous solution of 
NaBH4, freshly prepared by dissolving 0.056 g NaBH4 in 4 mL deionized water, was 
slowly added with vigorous stirring to the toluene mixture. A rapid color change 
occurred as the NaBH4 solution was added. After stirring for at least 3 hours at room 
temperature, the black part was separated and dropwise added into 400 mL of ethanol 
with rapid stirring. The difference between monoalkoxyurea thiol and other thiols is 
that AuNPs stay in the middle phase of water layer and organic layer for 
monoalkoxyurea thiol, while AuNP stays in the organic phase for other commercial 




with ethanol for 3 times and dried at 40 °C in an oven to yield AuNPs (ca. 10 mg) 
suitable for sensor formation. 
 
3 Results and Discussion 
 
3.1 NMR Characterization of as-Synthesized Alkoxyurea Thiol 1 
 
3.1.1 1H and 13C NMR of 2-(Undec-10-en-1-yloxy)isoindoline-1,3-dione (2) 
1
H NMR (CDCl3, 400 MHz) δ 7.84-7.82 (m, 2H), 7.75-7.73 (m, 2H), 5.81-
5.79 (m, 1H), 5.00-4.90 (m, 2H), 4.19 (t, J = 5.6 Hz, 2H), 2.04-2.00 (m, 2H), 1.80-
1.76 (m, 2H), 1.49-1.47 (m, 2H), 1.36-1.29 (m, 10H) ppm; 
13
C NMR (CDCl3, 100 
MHz) δ 163.7, 139.2, 134.5, 129.1, 123.5, 114.2, 78.7, 33.9, 29.5, 29.4, 29.3, 29.2, 





























Figure 3.2 NMR spectra for 
1
H NMR and 
13






C NMR of 1-(tert-Butyl)-3-(undec-10-en-1-yloxy)urea (3).   
1
H NMR (CDCl3, 400 MHz) δ 6.85 (br, NH), 5.84-5.74 (m, 1H), 5.59 (br, 
NH), 5.00-4.90 (m, 2H), 3.77 (t, J = 6.4 Hz, 2H), 2.05-2.00 (m, 2H), 1.64-1.57 (m, 
2H), 1.36-1.27 (m, 21H) ppm; 
13
C NMR (CDCl3, 100 MHz) δ 159.3, 139.1, 114.2, 
76.4, 50.4, 33.8, 29.5, 29.4, 29.18, 29.12, 28.9, 28.1, 26.1 ppm; IR 3422, 3194, 2923, 
2855, 1674, 1525, 1457, 1364, 1235 cm
–1
; FT-ICR-MS for C16H32N2O2 calculated  















































C NMR of S-(11-((3-(tert-Butyl)ureido)oxy)undecyl) ethanethioate (4) 
1
H NMR (CDCl3, 400 MHz) δ 6.91 (br, NH), 5.59 (br, NH), 3.76 (t, J = 6.8 
Hz, 2H), 2.84 (t, J = 6.8 Hz, 2H,), 2.30 (s, 3H), 1.59-1.50 (m, 4H), 1.35-1.25 (m, 
23H),  ppm; 
13
C NMR (CDCl3, 100 MHz) δ 196.1, 159.2, 76.4, 50.5, 30.7, 30.6, 29.5, 
29.2, 28.8, 28.2, 26.1 ppm; IR 3427, 2925, 2854, 1689, 1673 cm
–1
; FT-ICR-MS for 
C18H36N2O2S calculated 360.2446, found 361.25001 [M+H]
+
.    
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Figure 3.4 NMR spectra for 
1
H NMR and 
13






C NMR of 1-(tert-Butyl)-3-((11-mercaptoundecyl)oxy)urea (1) 
1
H NMR (CDCl3, 400 MHz) δ 6.76 (br s, 1H, NH), 5.60 (br s, 1H, NH), 3.77 
(t, J = 6.8 Hz, 2H), 2.51 (q, J = 7.4 Hz, 2H), 1.61-1.55 (m, 4H), 1.36-1.26 (m, 23H, t-
butyl + aliphatic chain) ppm; 
13
C NMR (CDCl3, 100 MHz) δ 159.2, 76.4, 50.4, 34.0,  
29.5, 29.4, 29.2, 29.1, 28.3, 28.2, 26.1, 24.6 ppm; IR 3426, 2924, 2853, 1689, 1672, 
1525 cm
–1































Figure 3.5 NMR spectra for 
1
H NMR and 
13





3.2 Characterization of AuNP Functionalized with Monoalkoxyurea Thiol 1 
 
 
Figure 3.6 A: Structure of thiol 1; B: SEM micrograph of the microfabricated, 
interdigitated electrode; C: size comparison between the sensor connected to platinum 
contact pads and a one-cent coin. 
 
Figure 3.6A shows the structure of thiol 1 we designed to compare with thiols 
featuring different organic functionalities, namely 1-dodecanethiol, 4-methoxy-α-
toluenethiol, and 11-mercaptoundecanoic acid. Figure 3.6B depicts the interdigitated 
electrodes at the core of the sensor. Figure 3.5C shows that the overall size of the 















Figure 3.7 A: TEM of AuNP functionalized with thiol 1; B: histogram of AuNP size 
distribution. 
 
Figure 3.7 shows the TEM image of AuNP functionalized with monoalkoxyurea 
thiol 1. The sizes of the thiol functionalized AuNPs ranged from 1-3 nm, which is 
consistent with thiol monolayer results reported by Brust [122]. Figure 3.7A shows 






Figure 3.8 IR spectra of thiol 1 and thiol 1-functionalized AuNPs prepared in this 
work. 
 
Figure 3.8 shows the IR spectra of monoalkoxyurea thiol 1 and AuNP 
functionalized with urea thiol 1. Even though the intensity of the peaks is different, 
the wavenumbers of the peaks are similar, which means the AuNP is successfully 
functionalized with urea thiol 1. TGA of the AuNP with urea thiol 1 is shown in 
Figure 3.9. In the urea thiol 1 functionalized AuNP material, the first weight loss was 
observed to take place at ~170-180 °C (~14% weight loss) while the second weight 
loss was observed to take place at ~280 °C (~28% weight loss), corresponding to a 
total weight loss of ~42%. The first weight loss region was responsible for water loss. 
The second weight loss was the thermal decomposition of the urea thiol 1 coating on 






Figure 3.9 TGA of AuNP with monoalkoxyurea thiol 1. 
 
3.3 VOC Sensing Properties of Alkoxyurea Thiol Gold Nanoparticles 
 
The AuNPs were subsequently used for sensor fabrication. Alternating cycles of 
VOC introduction into the chamber followed by chamber evacuation were performed 
while sensor resistance was monitored and recorded as a function of time. Figure 3.10 
shows the response profile for the urea thiol 1 AuNP sensor upon repeated exposures 
to 100 ppb acetone. The resistance decreases in the presence of acetone and return to 
baseline value upon chamber evacuation. The sensor response time at this 
concentration is 2 s and recovery time is 6 s. These results show a rapid and fully 
reversible interaction of analyte with the sensing structure and that the maximum 




concentration of gases, confirming that the construct can be used multiple times for 
sensing. 
 
Figure 3.10 Response profile of thiol 1 AuNP sensor on repeated exposure to air, 1 
ppb and 100 ppb acetone 
 
To further examine responses to trace levels of acetone, we tested our 
monoalkoxyurea thiol 1 AuNP sensor over a wide concentration range of acetone 
(Figure 3.11A). To our delight, the thiol 1 AuNP sensor was sensitive toward acetone 
at concentrations as low as 0.1 ppb, a level of detection far superior to other acetone 
tracing devices. Furthermore, the response increased with increasing acetone 
concentration up to 1000 ppm, thus demonstrating a wide dynamic range of 
measurements. Given this high sensitivity toward acetone, we set out to test the 




carbonyl VOCs (Figure 3.11B). As the slope of the linear regression curve is a direct 
measure of sensitivity, the relatively flat slopes obtained for the non-carbonyl 
analytes (all slopes below 1.6) imply the sensor discriminates in its interactions with 
VOCs. The considerably stronger response to acetone (slope=4.6) suggests the 
hydrogen bonding design concept is operative and imparts both sensitivity and 
selectivity. 
 
Figure 3.11 A: Response of the thiol 1 AuNP sensor to acetone exposure at 0.1 ppb to 




ethanol, benzene, ethylbenzene and water vapor. The responses are nearly linear 
(R
2
>0.97).  Error bars indicate the variability among three different sensors.  Most 
error bars are smaller than the data symbols.  
 
 
3.4 Comparison of Monoalkoxyurea Thiol 1-AuNP and Commercial Thiol-AuNP 
Sensors 
 
To further escalate the role of the H-bonding motif in providing chemoselection 
for a carbonyl moiety, we compared the responses of sensors prepared using AuNPs 
functionalized with the commercial thiols 1-dodecanethiol (sensor a) , 4-methoxy-α-
toluenethiol (sensor b) and 11-mercapto-undecanoic acid (11-MUA) (sensor c) 
(Figure 3.12). These three thiol-derived AuNP sensors respond to acetone vapor with 
considerably lower sensitivities than the thiol 1 (sensor d) AuNP sensor (Figure 3.13). 
Indeed, at the general concentration of acetone in exhaled breath — 1 ppm — the 
response of the thiol 1 AuNP sensor was ~10, 12 and 23 times higher than the AuNP 
sensors derived from DDT, MTT and 11-MUA, respectively. These results strongly 
support the idea that incorporation of terminal functionality on a thiol monolayer 
surrounding AuNPs can be used to confer selectivity in analyte detection. Along these 
lines, the sensor derived from MTT responded selectively to ethanol, albeit at a 








Figure 3.12 Responses for sensors derived from AuNPs coated with thiol urea 1, 1-




Figure 3.13 A comparison of the response sensitivities obtained for the four vapors on 




On comparing the acetone sensing performance of the thiol 1-derived sensor to 
other chemiresistors reported in the literature (Table 6), we noted differences in 
several key parameters that underscore the advantages of the present design. First, an 
operating temperature under ambient conditions is preferable. A measurable response 
with fast response and recovery times obviously are also needed for clear and 
reversible analyte detection. Finally, a low ppm limit of detection is needed for 
challenging analytical applications, such as in breath analysis. We were gratified to 
note that the thiol 1-derived sensor met all criteria and was superior in nearly every 
category for detection of acetone.  
 



















220 0.20% 3.5 217/400 N/A [65] 
SnO2-ZnO hetero-
nanofibers 
300 100 ppm 34 25/9 5 ppm [51] 
3D-TiO2 
nanoflowers 
60 700 ppm 2
c
 10/45 1 ppm [52] 
Ag-doped 
TiO2/SnO2 
275 50 ppm 13 28/34 1 ppm [53] 
Cr-doped ZnO  300 1000 ppm 19
c
 70/95 15 ppm [54] 
MAPLE-deposited 
TiO2 NP 





20 ppm [55] 
Si-doped WO3 NP 400 600 ppb 4.5 N/A 20 ppb [49] 
SnO2 nanowires 290 20 ppm 5.5 7/10 20 ppm [50] 
SWNT coated on 
PET 
RT 10000 ppm 
0.22 ± 
0.024 





 3D = 3 dimensional, MAPLE = matrix assisted pulsed laser evaporation, NP = 
nanoparticle, PET = poly(ethyleneterephthalate), PANI = polyaniline, N/A = not 
available, RT = room temperature, LoD = limit of detection; 
b 
response time (Ts) and 
recovery time (Tc); 
c
 calculated from published results for Response= Rair/Rgas-1. 
 
How does the alkoxyurea-motif interact with other carbonyls common in 
exhaled breath? Intrigued by this question, we next sought to investigate the response 
of current monoalkoxyurea thiol 1 AuNP sensor towards carbonyls other than acetone. 
As shown in Figure 3.14, the alkoxyurea motif of the sensor appears well suited for 
detecting carbonyl VOCs other than acetone, a feature confirmed by the high 
responses of the monoalkoxyurea thiol 1-derived sensor to carbonyl VOCs 2-
butanone, acrolein, and acetaldehyde. Interestingly, while still substantial, the 
response to 2-butanone, a methylene homolog of acetone, is lower relative to acetone 
by as much as 50%. This level of sensitivity to a change as subtle as a single 
methylene group suggests fine-tuning of the structural environment surrounding the 
urea moiety may be used to achieve sensor selectivity. 






Co3O4 N/A 1000 ppm 7.5 1-3/4-8 10 ppm [57] 
TiO2 500 7.5 ppm 14 380/300 1 ppm [58] 
CeO2 doped ZnO 320 100 ppm 19 10/5 N/A [59] 
thiol 1 AuNPs RT 1000 ppm 25.5
c







Figure 3.14 Responses of monoalkoxyurea thiol 1 AuNP sensor in detecting different 
carbonyl compounds. Error bars indicate the variability among three different sensors 
 
3.4 Long-term Stability of the Sensors 
 
The long-term stability of the sensor is a critical consideration in order to be 
applied in real world settings. Figure 3.15 shows the long-term stability of 
monoalkoxyurea thiol 1 AuNP sensor exposed to 1 ppm acetone gas. The 
measurements were taken over 30 days and the responses were observed over 
different days. The response varied; however, no significant changes were observed 
during the first 15 days. After 15 days, the response values of the sensor began to 
decrease, likely due to the thiol ligand oxidation under ambient conditions [149, 150]. 




sulfonyl-like oxidized products. The oxidized ligands cannot protect the Au core 
anymore and the sulfonyl species may desorb from the particle surface, which causes 
the gold nanoparticles to aggregate. The sensing film is much more conductive for the 
aggregated nanoparticles compared to the fresh film, resulting in severe deterioration 
of the sensor performance.  
 
Figure 3.15 Stability of monoalkoxyurea thiol 1 sensor on exposure to 1 ppm acetone 




In summary, the designed urea-functionalized thiol AuNP sensor provided high 
sensitive and selective response to acetone in reversible and reproducible manner at 
ambient temperature. Gas sensing measurements reveal that this sensor shows the 
lowest limit of detection to acetone among the reported chemiresistors to date. The 
stability of the AuNP sensor (>15 days) suggests potential applications as a 




for selective interaction with target analytes based on functional group interactions, 
such as urea-carbonyl hydrogen bonding, may well serve as a powerful strategy to 












Diabetes is a metabolic disease in which the pancreas does not produce 
enough insulin or cells do not respond properly to the insulin produced. Insulin is a 
peptide hormone produced by the pancreas that allows the body to convert sugar 
(glucose) from carbohydrates in the food into energy needed for daily life or to store 
glucose for the future use. Insulin helps keep the blood sugar level from getting too 
high or too low. The cause of diabetes varies depending on the genetic makeup, 
family history, ethnicity, health and environmental factors, such as obesity and lack 
of exercise. There are three main types of diabetes: type 1 diabetes, type 2 diabetes 
and gestational diabetes. Roughly 415 million people had diabetes worldwide as of 
2015; among those, 90% of the cases are type 2 diabetes [151]. With the 
improvement of life conditions, the incidence of diabetes increased rapidly. If 
diabetes cannot be well controlled, the function of some tissues will be disordered, 
which results in weight loss, fatigue, poor immunity and complications. These 




detection of diabetes in its early stages is critical for increasing the life quality of 
diabetic patients and has become an important topic in diabetes research. 
With the worldwide prevalence of diabetes, the methods for monitoring 
glucose level in blood have received considerable interest. The conventional 
electrochemical method for measurement of glucose in blood is painful and has some 
limitations [152]. One promising and noninvasive technique for detection of diabetes 
is the analysis of VOCs in exhaled breath, which has been used as a tool for screening 
of many diseases [153-156]. Acetone level in exhaled breath correlated very well 
with glucose level in blood of diabetic patients [157]. Acetone is produced by 
lipolysis, absorbed into the bloodstream, and exhaled in the breath. There is not 
enough functioning insulin to help deliver glucose to the diabetes patients’ cells. In 
this case, their body burns fat for energy, which leads to large amount of acetone in 
blood and breath [158]. Acetone concentration was found to elevate by at least two 
orders of magnitude in the plasma of diabetic patients. Acetone in diabetic breath is 
higher than 1.71 ppm, while its concentration in healthy people is lower than 0.76 
ppm [18, 159]. Acetone has been regarded as an important biomarker of diabetes [160, 
161]. Analysis of acetone in breath has been used as a supplementary tool for 
diagnosis of diabetes. 
 Different thiol functionalized AuNP films have been investigated as sensing 
materials for detecting acetone in ideal conditions (dry air) in Chapter 2 and 3 without 
accounting for the effect of water vapor, which is a major component of the human 
breath. In this Chapter, we study thiol functionalized AuNP sensors for detecting 




and cast on interdigitated electrodes, which are DDT, MTT and monoalkoxyurea thiol 
1. Also, microreactors are used to measure acetone concentration in breath samples.  
 
2. Materials and Methods 
 
2.1 Materials and Sampling 
 
Hydrogen tetrachloroaurate (HAuCl4), 1-dodecanethiol, 4-methoxy-α-
toluenethiol, tetraoctylammonium bromide (TOAB), acetone (>99.9%), DNPH 
(>99%) and HClO4 (70 wt.%) were purchased from Sigma Aldrich. Monoalkoxyurea 
thiol 1 is as-synthesized in Dr Nantz’s group (see Chapter 3 for detail). Sodium 
borohydride was purchased from Fluka. Acetonitrile (HPLC grade) was obtained 
from BDH. DNPH was purified by crystallization twice in acetonitrile before use. 
Other reagents were used without prior purification. Tedlar bags were purchased from 
Supelco (Bellefonte, PA). Cylinder air was obtained from Welders Supply Co. of 
Louisville. Deionized water was used throughout the experiment. 
Exhaled breath (1 L) was collected in Tedlar bags from healthy subjects after 
overnight fasting. The collection of exhaled breath samples was approved by the 
internal review board (IRB). Prior to use, the new Tedlar bags were cleaned three 
times by using dry air. Dry air sample was from cylinder air. In order to test the effect 
of humidity, we injected different amounts of water into 1 L Tedlar bags to achieve 
the desired relative humidity (RH). Theoretically, 1% RH is equivalent to 312 ppm 




Tedlar bag until all the water evaporated. The same procedure was carried out for 
40%, 60%, 80% and 90% RH. However, the water molecules start to aggregate at 
high humidity, which can also be seen in exhaled breath samples, and the response of 
the sensor may saturate at high humidity.  
The synthesis of AuNP functionalized with 4-methoxy-α-toluenethiol and 1-
dodecanethiol is described in Chapter II and AuNPs with monoalkoxyurea thiol 1 is 
described in Chapter III. Thiol structures are listed in Table 7. 
 
Table 7   Thiol used for breath analysis 
 















2.2 Microreactor Preparation 
 
Microreactor is used to calculate the concentration of acetone in breath 
samples. The design, simulation, and fabrication of microreactor were reported in Dr. 
M. Li’s dissertation [162]. The optical picture and SEM picture of a fabricated 
microreactor is shown in Figure 4.1. The microreactor was prepared a day before the 
breath samples were analyzed. A constant amount of 30 μL acidified DNPH Solution 
(DNPH: 0.1 mol/L, HClO4: 0.8 wt%, acetonitrile (ACN) as solvent) was impregnated 
into the microreactor and coated on walls of microreactor. Then, ACN was 
evaporated under vacuum at 50 °C by keeping the microreactor in the vacuum oven 
for 1 hour. After evaporation, fused silica tubes with 350 μm o.d. and 250 μm i.d. 
were connected to the inlet and outlet ports of the microreactors with an epoxy-based 






Figure 4.1 Optical and SEM graphs of one microreactor. (a) Schematic illustration of 
one microreactor compared with a quarter coin, (b) Optical micrograph of a 
fabricated microreactor with thousands of internal micropillars, (c) SEM micrographs 
of the micropillar arrays, (d) SEM micrographs of one micropillar. (Reprinted from 
[162]: M. Li, 2013). 
 
2.3 Evacuation of Exhaled Breath Samples Through Microreactors 
 
Healthy human breath samples (1 L) were collected by 1 L Tedlar bags after 
overnight fasting and after lunch and kept at room temperature to determine the initial 




Nanotechnology Center at University of Louisville. The exhaled breath was then 
transferred to the lab within 3 hours after sample collections. The microreactor and 
sample bag were connected in the evacuation system shown in Figure 4.2. Five 
samples can be analyzed at a time by connecting five microreactors to the system in 
parallel. A mechanical needle valve made by Hoke Co. was used to adjust the flow 
rate of the sample flow through the microreactor. The flow rate of each line was 
adjusted to 3.5 mL/min (measured by Agilent Technologies gas flowmeter, model # 
5067-0223) before the evacuation process. Then each sample bag was completely 
evacuated. The whole process was timed, so the exact volume of each sample bag can 
be calculated. After complete evacuation, the process would continue for an 
additional 30 minutes to make sure that the semi volatile compounds adsorbed on the 
sidewall of the bags were evacuated. The whole sampling process lasts about 5 hours.   
 








2.4 Analysis of Captured Carbonyls 
 
Figure 4.3 The reaction of DNPH with carbonyl compounds 
 
During evacuation, carbonyls were reacted with DNPH to form hydrazone 
products (Figure 4.3). After evacuation, the microreactor was disconnected from the 
system. The formed DNPH-carbonyl products and unreacted DNPH are eluted by 150 
μL ACN from one slightly pressurized vial through the microreactor and then into an 
empty collecting sample vial (Figure 4.4). The eluted solution samples were then 
analyzed by HPLC system.  
 




The Agilent 1100 HPLC system was used with a Restek Ultra C18 150mm × 
4.6 mm 5 μm column. The injection volume was 10 μL and quantification was carried 
out at 365 nm. The binary mobile phase gradient was prepared. Eluent A was 
prepared to contain water- acetonitrile- tetrahydrofuran (THF)- iso- propanol 
(59:30:10:1, V/V), Eluent B consisted of acetonitrile and water (65:35, V/V). The 
gradient program was a series of linear gradients from initial condition of 100% A to 
60% A at 10 mins, then to 40% at 17 mins and 20% A at 20 mins, then to 100% A at 
24 mins with a total run time of 40 min. Calibration curve for DNPH-acetone was 
determined by analyzing a series of standard DNPH-acetone solutions and regressing 
the peak-area response on concentration. 
 
3. Results and Discussion 
 
3.1 Humidity Effect on the Thiol Functionalized Gold Nanoparticle-Coated 
Chemiresistor Sensor 
 
Thiol functionalized gold nanoparticle sensor is a promising candidate for 
detection of organic vapors, or even diagnosis of diseases, from exhaled breath 
because of its wide detection range, the possibility to operate at room temperature, 
low power consumption, and simple operating principle. However, it is also known 
that the sensing properties of many types of sensor are affected by the humidity at 
lower operating temperature. There have been many investigations about the effect of 




humidity [49, 163-166]. The gold nanoparticle sensor is also required to respond 
stably against the various environmental conditions and the effect of humidity is 
another very important component that should be considered.  
Here, the responses to different humidities are investigated on different thiol 
functionalized AuNP sensors. The relative humidity (RH) in human breath is 
normally larger than 90%. Figure 3.10B in Chapter III shows monoalkoxyurea thiol 1 
sensor’s response to RH less than 5%, which is always well below that of 1 ppb 
acetone. Therefore, the sensor works quite well under low RH. Furthermore, we 
studied the response to water vapor for H2O concentrations from dry air to 20, 40, 60, 
80 and 90% RH on different sensors with dry air as blank (Figure 4.5). As seen, 
sensor responses to water vapor continue increasing with RH increasing from 20 to 
90%. As for water, whose relative permittivity is much higher than the medium 
material permittivity, the partitioning of water into the film can result in a significant 
change in the medium dielectric properties. The effect of water partitioning on the 
medium electric properties becomes more significant at higher humidity while water 
molecules begin to aggregate and the desorption process is slow. The aggregation of 
water molecules could completely change the film electric properties while ion 
current exists. Monoalkoxyurea thiol 1 sensor response changes the most with RH 
increasing, while 1-dodecanethiol sensor response changes the least. This is because 
there’s a higher hydrogen bonding interaction between urea thiol and water molecules, 






Figure 4.5 Sensor responses to water vapor at indicated relative humidity. 
 
3.2 Breath Sample Storage Time 
 
In order to collect breath samples of diabetic patients and transport them to the 
laboratory, it is important to know how long and what temperature the samples can be 
stored in the Tedlar bags. Analyte loss might occur due to adsorption, degradation or 
diffusion through the Tedlar bag walls although Tedlar bags are commonly used for 
collecting environmental air and breath sample. Here, we compared the MTT sensor 
response of the breath samples stored at 40 °C and room temperature for six different 
times (1, 2, 3, 4, 5 and 6 hours) after breath collection. Figure 4.6 and Figure 4.7 
show that the samples are more stable at room temperature and there is almost no 




40 °C. In the following measurements, the breath sample was finished testing in 4 
hours. 
 
Figure 4.6 Stability of breath sample at 40 ºC and room temperature for MTT sensor 
 
 




3.3 Determination of Acetone Concentration in Breath Samples by Microreactor 
 
 
Figure 4.8 Calibration curve for DNPH-acetone concentration vs peak area 
 
The calibration curves (Figure 4.8) show linear relationship over a DNPH-
acetone concentration range of 0.5 to 200 μmol/mL, with correlation coefficients of 
over 0.99. From the calibration curve, the amount of acetone can be calculated by the 
area of the peak. For example, Figure 4.9 shows a HPLC spectrum of one breath 
sample. The retention time of acetone is at 14.86 min. The area of the peak at 14.86 
min can be obtained from the spectrum, which is 1978.9 mAU•S. So the amount of 












Figure 4.9 HPLC spectrum of one exhaled breath sample 
 
The results shown in Table 8 indicate that acetone concentration in healthy 
people’s breath sample is between 0.25 ppm and 0.67 ppm, which is consistent with 
data in literature [18, 156, 167]. Here we use the average concentration of 0.4 ppm as 












Table 8  Summary of acetone concentration in breath samples for different volunteers 




3.4 Breath Sample Analysis 
 
Different amounts of acetone (0.1, 0.2, 0.5, 1, 2, 3 ppm) were spiked into 
breath samples of healthy people to simulate acetone levels of diabetic patients. The 
initial concentration of acetone is 0.4 ppm in the breath sample. Figure 4.10 to 4.12 
show three sensors’ responses to acetone vapor in breath samples at different 
concentrations. The response increased linearly according to the concentration of 




electrical resistance when exposed to the breath sample. From the three figures, we 
can see the ability of the sensors to detect acetone in breath samples even though 
there’s very high relative humidity in breath. The background of all the samples 
prepared for each sensor is with the same relative humidity and contains the same 
amount of other compounds. With the increasing of acetone concentration, the 
response increases. The response value in breath is different with that in dry air, 
because breath sample has so many compounds and also humidity plays an important 















Figure 4.10 (A) Responses of MTT AuNP sensor to breath sample with different 
concentrations (0.1, 0.5, 1, 2, 3 ppm) of spiked acetone; (B) MTT AuNP sensor 






Figure 4.11 (A) Responses of DDT AuNP sensor to breath sample with different 
concentrations (0.1, 0.5, 1, 2, 3 ppm) of spiked acetone; (B) DDT AuNP sensor 







Figure 4.12 (A) Responses of monoalkoxyurea thiol 1 AuNP sensor to breath sample 
with different concentrations (0.1, 0.5, 1, 2, 3 ppm) of spiked acetone; (B) urea thiol 








Hyspler et al. demonstrated that it is feasible to use Tedlar bags to collect 
exhaled breath and applied SPME to analyze for isoprene [168]. However, Tedlar 
bags have two main disadvantages: (1) Analyte loss due to adsorption, degradation or 
diffusion through bag walls. (2) Residual acetone and other impurities derived from 
the manufacturing process. We found when storage time was more than 4 hours at 
room temperature, analyte loss occurred, so that short storage times could avoid 
sample loss. In our study, after collection of exhaled breath by using Tedlar bags, the 
breath sample was analyzed in 30 min. To get rid of any residual acetone, new Tedlar 
bags were cleaned three times by using cylinder air prior to use. The prepared bags 
were analyzed by microreactor. We found that no acetone was detected in the 
prepared Tedlar bags, which means that the residual acetone was removed by 
displacement with dry air. Therefore, Tedlar bags can be used to collect human breath.  
In this Chapter, we have demonstrated that an electronic nose based on 
functionalized gold nanoparticles can distinguish different levels of acetone in breath 
samples. Increasing RH to 90% increased the response of the three sensors, which 
reduced the sensor’s sensitivity to acetone. However, at the same background of RH, 
our sensors were still able to tell different concentrations of acetone, which shows 
great promise for fast, easy and cost-effective diagnosis of diabetes. DDT sensor is 
better to be used under high humidity because dodecanethiol is hydrophobic and 
humidity does not have much influence to the response. Monoalkoxyurea thiol sensor 




remove moisture. The devices are inexpensive, portable and amenable to use, making 






IMPROVING SENSITIVITY OF GOLD NANOPARTICLE SENSOR TOWARD 




According to the results from Chapter 3, we found that tert-butyl 
monoalkoxyurea thiol-derived sensor is very sensitive to acetone. The detection range 
is very wide from 0.1 ppb to 1000 ppm. The results are encouraging and prompted us 
to pursue the plan outlined for the synthesis of series 2 and series 3 motifs presented 
in Table 9 to increase sensitivity and selectivity for sensing acetone. These thiols also 
can interact with carbonyl compounds via hydrogen bonds. 
A hydrogen bond is the electrostatic attraction between two polar groups that 
occurs when a hydrogen (H) atom covalently bonded to a highly electronegative atom 
such as nitrogen (N), oxygen (O) or fluorine (F) experiences the electrostatic field of 
another highly electronegative atom nearby. 
Our synthetic efforts focus on developing thiol-based substrates fitted with 
binding elements for carbonyl analytes. As the respective sensors are developed, 




achieving high sensitivities as well as functional group selectivity, possibly even 
single compound selectivity, will be to secure synthetic approaches that provide rapid 
access to numerous analogs to address not only these challenges but also issues 
surrounding gold nanoparticle formulation and nanosensor engineering. Consequently, 
we developed highly flexible synthetic routes to prepare carbonyl-binding substrates 
(Table 9). Our selection of binding motifs for these series follows from observations 
made by multiple groups in studies on catalysis via molecular recognition [169]. For 
example, thiourea-NH or urea-NH-carbonyl interactions are well documented [170, 
171] as significant molecular binding motifs. We will augment these interactions by 
preparing the more acidic alkoxyureas and bis-alkoxyureas and examine the 
influences on sensor response.  
 




















2. Experimental  
 
Three series of thiols were prepared by Dr. Mandapati Raju (University of 
Louisville, Department of Chemistry). 
 













The general hydrazinolysis and urea formation procedure is the same with 
tert-butyl monoalkoxyurea thiol, which is described in detail in Chapter 3. The 
difference is as follows: 
1-(tert-butyl)-3-(undec-10-en-1-yloxy)urea (3.1): Using the general 
procedure outlined above, 2 (1.00 g, 3.17 mmol) was transformed into 3.1 0.62 g 
(68%) as a colorless liquid; TLC, Rf = 0.51 (2.5:7.5, EtOAc:hexane). 
1-cyclohexyl-3-(undec-10-en-1-yloxy)urea (3.2): Using the general 
procedure outlined above, 2 (0.51 g, 1.61 mmol) was transformed into 3.2 0.36 g 
(71%) as a white solid; TLC, Rf = 0.44 (2.5:7.5, EtOAc:hexane). 
1-phenyl-3-(undec-10-en-1-yloxy)urea (3.3): Using the general procedure 
outlined above, 2 (0.30 g, 0.95 mmol) was transformed into 3.3 0.22 g (77%) as a 
white solid; TLC, Rf = 0.65 (2.5:7.5, EtOAc:hexane). 
1-(4-fluorophenyl)-3-(undec-10-en-1-yloxy)urea (3.4): Using the general 
procedure outlined above, 2 (0.52 g, 0.47 mmol) was transformed into 3.4 0.35 g 
(66%) as a white solid. 
General thioacetate formation procedure: 
 A solution of urea 3.1 (0.50 g, 1.75 mmol) and azobis(isobutyronitrile) (0.043 
g, 0.26 mmol) in dry THF (20 mL) was heated to reflux whereupon thioacetic acid 
(0.25 mL, 3.51 mmol) was added via syringe.  The reaction mixture was stirred at 
reflux 8 h and then concentrated by rotary evaporation.  The residue was purified by 
SiO2 column chromatography, eluting with a 15:85 mixture of EtOAc:hexane, to 




S-(11-((3-(tert-Butyl)ureido)oxy)undecyl) ethanethioate (4.1): Using the 
general procedure outlined above, 3.1 (0.50 g, 1.75 mmol) was transformed into 
thioester 4.1 0.48 g (75%) as a pale yellow liquid. 
S-(11-((3-cyclohexylureido)oxy)undecyl) ethanethioate (4.2): Using the 
general procedure outlined above, 3.2 (0.25 g, 0.80 mmol) was transformed into 
thioester 4.2 0.26 g (83%) as a pale white solid. 
S-(11-((3-phenylureido)oxy)undecyl) ethanethioate (4.3): Using the general 
procedure outlined above, 3.3 (0.20 g, 0.66 mmol) was transformed into thioester 4.3 
0.26 g (83%) as a white solid. 
S-(11-((3-(4-fluorophenyl)ureido)oxy)undecyl) ethanethioate (4.4): Using 
the general procedure outlined above, 3.4 (0.25 g, 0.28 mmol) was transformed into 
thioester 4.4 0.18 g (58%) as a pale yellow solid. 
General thioaceatate cleavage procedure: 
To a solution of thioester urea 4 (0.50 g, 1.38 mmol) in EtOH (10 mL) was 
added 12 N HCl (1.1 mL, 11.0 mmol).  The reaction mixture was heated to reflux and 
stirred.  After 4 h, the reaction mixture was cooled and then concentrated by rotary 
evaporation.  The residue was dissolved in water (10 mL).  The resultant solution was 
cooled to 0 °C and the pH was adjusted to slightly alkaline using saturated NaHCO3 
solution. The aqueous layer then was extracted with CH2Cl2 (4 X 30 mL).  The 
combined organic phase was washed with saturated NaCl (2 X 20 mL), dried 




1-(tert-Butyl)-3-((11-mercaptoundecyl)oxy)urea (1.1). Using the general 
procedure outlined above, 4.1 (0.50 g, 1.38 mmol) was transformed into thiol urea 1.1 
(0.38 g, 86%) as a pale yellow liquid that was directly applied to gold nanoparticles. 
1-cyclohexyl-3-((11-mercaptoundecyl)oxy)urea (1.2): Using the general 
procedure outlined above, 4.2 (0.230 g, 0.57 mmol) was transformed into thiol urea 
1.2 (0.18 g, 88%) as a white solid that was directly applied to gold nanoparticles. 
1-((11-mercaptoundecyl)oxy)-3-phenylurea (1.3): Using the general 
procedure outlined above, 4.3 (0.175 g, 0.46 mmol) was transformed into thiol urea 
1.3 (0.12 g, 77%) as a white solid that was directly applied to gold nanoparticles. 
1-(4-fluorophenyl)-3-((11-mercaptoundecyl)oxy)urea (1.4): Using the 
general procedure outlined above, 4.4 (0.155 g, 1.17 mmol) was transformed into 























Figure 5.2 Synthetic routes for preparation of alkylurea thiols 4.1a-4.4a. 
 
2-(undec-10-en-1-yl)isoindoline-1,3-dione (2a). 11-bromo-1-undecene (2.82 
mL, 12.8 mmol) was dissolved in DMF (60 mL) at room temperature. Phthalimide 
potassium salt (2.85 g, 15.43 mmol) was added to the mixture, and the reaction 
mixture was heated to 80 °C.  After 12 h, the reaction mixture was allowed to cool to 
room temperature and then poured into 5 wt% aqueous HCl (100 mL).  The aqueous 
layer was extracted with CHCl3 (4 X 50 mL).  The combined organic layer was dried 
through (MgSO4), filtered, and then concentrated by rotary evaporation.  The crude 
product was purified by SiO2 column chromatography, eluting with a 20:85 mixture 
of EtOAc:hexane, to afford 3.64 g (94%) of 2a as a white solid. TLC, Rf = 0.67 
(2.5:7.5, EtOAc:hexane). 
General hydrazinolysis and urea formation procedures:  
To a solution of phthalimide 2a (1.00 g, 3.34 mmol) in EtOH (20 mL) at 0 °C 




temperature for 12 h and then resulted phthalylhydrazide salts were filtered.  The 
retentate was concentrated by rotary evaporation.  The crude amine product so 
obtained was used directly in the next step without further purification  
To a stirred solution of the crude amine (0.56 g, 3.32 mmol) in dry CH2Cl2 (15 
mL) at room temperature under argon was added dry Et3N (0.64 mL, 4.53 mmol) via 
syringe.  The reaction mixture was cooled to 0 °C and then t-butylisocyanate (0.34 
mL, 3.02 mmol) was added dropwise over 5 min.  The reaction mixture was slowly 
allowed to reach room temperature and stirred 10 h before concentrating by rotary 
evaporation.  The residue was purified by SiO2 flash column chromatography, eluting 
with a 1:4 mixture of EtOAc:hexane, to afford desired urea derivative. 
1-(tert-butyl)-3-(undec-10-en-1-yl)urea (3.1a): Using the general procedure 
outlined above, 2a (1.00 g, 3.34 mmol) was transformed into 3.1a 0.65 g (72%) as a 
colorless liquid. 
1-cyclohexyl-3-(undec-10-en-1-yl)urea (3.2a): Using the general procedure 
outlined above, 2a (0.79 g, 2.64 mmol) was transformed into 3.2a 0.58 g (75%) as a 
white solid. 
1-phenyl-3-(undec-10-en-1-yl)urea (3.3a): Using the general procedure 
outlined above, 2a (0.56g, 1.87 mmol) was transformed into 3.3a 0.31 g (57%) as a 
white solid. 
1-(4-flourophenyl)-3-(undec-10-en-1-yl)urea (3.4a): Using the general 
procedure outlined above, 2a (0.49 g, 1.63 mmol) was transformed into 3.4a 0.32g 
(63%) as a pale yellow solid. 




 A solution of urea 3.1a (0.51 g, 1.90 mmol) and azobis(isobutyronitrile) 
(0.047 g, 0.28 mmol) in dry THF (20 mL) was heated to reflux whereupon thioacetic 
acid (0.25 mL, 3.51 mmol) was added via syringe.  The reaction mixture was stirred 
at reflux 8 h and then concentrated by rotary evaporation.  The residue was purified 
by SiO2 column chromatography, eluting with a 15:85 mixture of EtOAc:hexane, to 
afford thioacetate derivative. 
S-(11-(3-(tert-butyl)ureido)undecyl) ethanethioate (4.1a): Using the general 
procedure outlined above, 3.1a (0.51 g, 1.90 mmol) was transformed into thioester 
4.1 0.28 g (43%) as a pale yellow liquid. 
S-(11-((3-cyclohexylureido)oxy)undecyl) ethanethioate (4.2a): Using the 
general procedure outlined above, 3.2a (0.49 g, 1.66 mmol) was transformed into 
thioester 4.2a 0.26 g (42%) as a pale white solid. 
S-(11-(3-phenylureido)undecyl) ethanethioate (4.3a): Using the general 
procedure outlined above, 3.3a (0.26 g, 0.90 mmol) was transformed into thioester 
4.3a 0.17 g (52%) as a white solid. 
S-(11-(3-(4-flourophenyl)ureido)undecyl) ethanethioate (4.4a): Using the 
general procedure outlined above, 3.4a (0.20 g, 0.65 mmol) was transformed into 
thioester 4.4a 0.11 g (44%) as a pale yellow solid. 
General thioaceatate cleavage procedure: 
To a solution of thioester urea 4 (0.175 g, 0.50 mmol) in EtOH (5 mL) was 
added 12 N HCl (0.4 mL, 4.06 mmol).  The reaction mixture was heated to reflux and 
stirred.  After 4 h, the reaction mixture was cooled and then concentrated by rotary 




cooled to 0 °C and the pH was adjusted to slightly alkaline using saturated NaHCO3 
solution. The aqueous layer then was extracted with CH2Cl2 (4 X 30 mL).  The 
combined organic phase was washed with saturated NaCl (2 X 20 mL), dried 
(MgSO4), filtered and concentrated under reduced pressure to afford thiol urea. 
1-(tert-butyl)-3-(11-mercaptoundecyl)urea (1.1a). Using the general 
procedure outlined above, 4.1a (0.175 g, 0.50 mmol) was transformed into thiol urea 
1.1a (0.115 g, 77%) as a pale yellow liquid that was directly applied to gold 
nanoparticles. 
1-cyclohexyl-3-(11-mercaptoundecyl)urea (1.2a): Using the general 
procedure outlined above, 4.2a (0.191g, 0.57 mmol) was transformed into thiol urea 
1.2a (0.15 g, 88%) as a white solid that was directly applied to gold nanoparticles. 
1-(11-mercaptoundecyl)-3-phenylurea (1.3a): Using the general procedure 
outlined above, 4.3a (0.1 g, 0.27 mmol) was transformed into thiol urea 1.3a (0.08 g, 
89%) as a white solid that was directly applied to gold nanoparticles. 
1-(4-fluorophenyl)-3-(11-mercaptoundecyl)urea (1.4a): Using the general 
procedure outlined above, 4.4a (0.13 g, 0.34 mmol) was transformed into thiol urea 



























Figure 5.3 Synthetic routes for preparation of bis-alkoxy urea thiols 8.1-8.2. 
 
General procedure for aminooxy protection with 4-Nitrophenyl 
chloroformate: 
O-(tert-butyl)hydroxylamine hydrochloride 5.1 (1.39 g, 11.11 mmol) was 
dissolved in methylene chloride (100 mL) followed by the addition of pyridine (1.2 
mL, 13.89 mmol) under an argon atmosphere. The reaction flask was cooled to 0 °C 
and 4-nitrophenyl chloroformate (2.24 g, 11.11 mmol) was added. Then the reaction 
mixture was heated at reflux for 24 h. Upon cooling, the homogeneous organic 




organic fraction was dried with MgSO4, filtered, and concentrated. A chloroform–
hexane mixture (5:6, 22 mL) was added. The residue was purified by SiO2 column 
chromatography, eluting with a 20:80 mixture of EtOAc:hexane, to afford protected 
aminooxy derivative.  
4-nitrophenyl tert-butoxycarbamate (6.1):  Using the general procedure 
outlined above, 5.1 (1.39 g, 11.11 mmol) was transformed into 6.1 1.96 g (69%) as a 
white solid. 
4-nitrophenyl (cyclohexyloxy)carbamate (6.2): Using the general procedure 
outlined above, 5.2 (1.13 g, 9.80 mmol) was transformed into 6.2 1.39 g (50%) as a 
white solid. 
General hydrazinolysis and urea formation procedures:  
To a solution of phthalimide 2 (0.8 g, 2.53 mmol) in CH2Cl2 (10 mL) at 0 °C 
was added hydrazine (8.2 mL of 1.0 M solution in THF, 8.2 mmol).  The reaction 
mixture was stirred at 0 °C for 1.5 h and then filtered.  The retentate was washed with 
CH2Cl2 (10 mL) and the combined organic solvents then were concentrated by rotary 
evaporation.  The crude aminooxy product so obtained was used directly in the next 
step without further purification (Note: protect from carbonyl vapors, such as 
laboratory acetone). 
To a stirred solution of the crude aminooxy (0.45 g, 2.43 mmol) in dry CH2Cl2 
(20 mL) at room temperature under argon was added dry Et3N (0.68 mL, 4.86 mmol) 
via syringe.  The reaction mixture was cooled to 0 °C and 4-nitrophenyl tert-
butoxycarbamate (6.1) (1.85 g, 7.29 mmol) was added.  The reaction mixture was 




temperature and quenched with water (50 mL) and extracted with dichloromethane (3 
x 100 mL). The combined organic phase was dried over anhydrous MgSO4 and 
concentrated under reduced pressure. The crude product was via column 
chromatography (4:1 to 3:2, hexanes: ethyl acetate) to afford the product. 
1-(tert-butyl)-3-(undec-10-en-1-yl)urea (7.1): Using the general procedure 
outlined above, 2 (0.8 g, 2.53 mmol) was transformed into 7.1 0.58 g (76%) as a pale 
yellow liquid. 
1-(cyclohexyloxy)-3-(undec-10-en-1-yloxy)urea (7.2): Using the general 
procedure outlined above, 2 (0.52 g, 1.64 mmol) was transformed into 7.2 0.44 g 
(83%) as a colorless liquid. 
General thioacetate formation procedure: 
A solution of urea 7.1 (0.48 g, 1.59 mmol) and azobis(isobutyronitrile) (0.04 g, 
0.24 mmol) in dry THF (20 mL) was heated to reflux whereupon thioacetic acid (0.23 
mL, 3.19 mmol) was added via syringe.  The reaction mixture was stirred at reflux 8 
h and then concentrated by rotary evaporation.  The residue was purified by SiO2 
column chromatography, eluting with a 15:85 mixture of EtOAc:hexane, to afford 
thioacetate derivative. 
S-(2,2-dimethyl-5-oxo-3,7-dioxa-4,6-diazaoctadecan-18-yl) ethanethioate 
(8.1): Using the general procedure outlined above, 7.1 (0.48 g, 1.59 mmol) was 
transformed into thioester 8.1 0.45 g (75%) as a colorless liquid. 
S-(11-((3-(cyclohexyloxy)ureido)oxy)undecyl) ethanethioate (8.2): Using 
the general procedure outlined above, 7.2 (0.4 g, 1.22 mmol) was transformed into 




General thioaceatate cleavage procedure: 
To a solution of thioester urea 8.1 (0.4 g, 1.06 mmol) in EtOH (5 mL) was 
added 12 N HCl (0.83 mL, 8.5 mmol).  The reaction mixture was heated to reflux and 
stirred.  After 4 h, the reaction mixture was cooled and then concentrated by rotary 
evaporation.  The residue was dissolved in water (10 mL).  The resultant solution was 
cooled to 0 °C and the pH was adjusted to slightly alkaline using saturated NaHCO3 
solution. The aqueous layer then was extracted with CH2Cl2 (4 X 30 mL).  The 
combined organic phase was washed with saturated NaCl (2 X 20 mL), dried 
(MgSO4), filtered and concentrated under reduced pressure to afford thiol urea. 
1-(tert-butoxy)-3-((11-mercaptoundecyl)oxy)urea (9.1). Using the general 
procedure outlined above, 8.1 (0.4 g, 1.06 mmol) was transformed into thiol urea 9.1 
(0.29 g, 81%) as a colorless gummy liquid that was directly applied to gold 
nanoparticles. 
1-(cyclohexyloxy)-3-((11-mercaptoundecyl)oxy)urea (9.2): Using the 
general procedure outlined above, 8.2 (0.33g, 0.82 mmol) was transformed into thiol 
urea 9.2 (0.185 g, 62%) as a colorless gummy liquid. that was directly applied to gold 
nanoparticles. 
 
2.4 Synthesis of Gold Nanoparticles (AuNPs) 
 
The urea thiol functionalized AuNP synthesis procedure is the same as 
described in Chapter III for the monoalkoxyurea thiol 1. First, 0.05 g of HAuCl4 was 




toluene. Then the aqueous HAuCl4 solution was added to the toluene TOAB solution 
with vigorous stirring until all the tetrachloroaurate transferred into the organic phase. 
Next, urea thiol (thiol: Au molar ratio of 1:1) was added into the above solution. An 
aqueous solution of NaBH4, freshly prepared by dissolving 0.056 g NaBH4 in 4 mL 
deionized water, was slowly added with vigorous stirring to the toluene mixture. A 
rapid color change occurred as the NaBH4 solution was added. After stirring for at 
least 3 hours at room temperature, the black part was separated and dropwise added 
into 400 mL of ethanol with rapid stirring. After settling overnight at freezer, the 
mixture was centrifuged and washed with ethanol for 3 times and dried at 40 °C in an 
oven to yield thiol-coated AuNPs (ca. 10 mg) suitable for sensor formation.  
The thiol-coated AuNPs were dispersed in toluene (0.2%) by sonication at 
room temperature for 20 min, and then cast onto the IDE area by dropwise addition.  
The toluene was evaporated at room temperature to leave a flat, roughly circular film 
of thiol-coated gold nanoparticles. The thiol-coated AuNP sensors were then 
stabilized overnight at 40 °C in a vacuum oven.   
 
3. Sensor Response to Acetone 
 
Here, the response characteristics for different series of urea thiol 
functionalized AuNP sensors in response to acetone are described. There are 3 series 
of thiols that were used in this Chapter, including monoalkoxyurea thiols (Series 1), 
alkylurea thiols (Series 2) and bisalkoxyurea thiols (Series 3). There are 4 different 




phenyl, and p-fluorophenyl. Based on the results obtained from the first two series, 
we only included two different functional groups which are tert-butyl and cyclohexyl 
for the bisalkoxyurea thiols (Series 3). 
 
3.1 Response Results for Monoalkoxyurea Thiol Sensor Sensing Acetone 
 
First, we compare different functional groups of thiols in the same series. tert-
butyl monoalkoxyurea thiol sensor’s response to acetone is shown in Figure 3.10. 
Figure 5.4 to 5.6 show the response data to acetone vapor in air for cyclohexyl, 
phenyl and p-fluorophenyl monoalkoxyurea thiol sensors. 
 
Figure 5.4 Cyclohexyl monoalkoxyurea thiol sensor response profile in response to 





Figure 5.5 Phenyl monoalkoxyurea thiol sensor response profile in response to 100 
ppm and 1000 ppm of acetone vapor 
Figure 5.6 p-fluorophenyl monoalkoxyurea thiol sensor response profile in response 





From Figure 3.10 and Figure 5.4-5.6, we can see that the tert-butyl 
monoalkoxyurea thiol sensor has the largest response and sensitivity to acetone vapor, 
and it shows the limit of detection of 0.1 ppb. However, for cyclohexyl and phenyl 
monoalkoxyurea thiol sensor, acetone vapor was not detected until the concentration 
was increased to higher than 100 ppb. The response and recovery time for these 
sensors are fast, usually in a few seconds. p-fluorophenyl monoalkoxyurea thiol 
sensor’s response increased from 0.06 to 0.11 when acetone concentration increases 
from 0.1 ppb to 1 ppb. Then the response stays almost the same when further 
increasing the concentration of acetone. The largest response observed for tert-butyl 
substituted monoalkoxyurea thiol sensor among other substituents in this series could 
be ascribed to steric effect as well its coupled electronic interactions. Thus, it is vital 
to control overall local network formation between urea moieties so as to maintain an 
optimal response with the carbonyl analyte. In this instance, the tert-butyl substituent 
is bulky enough to disrupt the network interactions in allowing access to carbonyl 
analyte. 
Figure 5.7 shows the hydrogen bonding interaction between AuNP 





Figure 5.7 Hydrogen bonding interaction between AuNP with tert-butyl 
monoalkoxyurea thiol and acetone. 
 
3.2 Response Results for Alkylurea Thiol Sensor Sensing Acetone 
 
Figure 5.8 to 5.11 show the response data to acetone vapor in air for tert-butyl, 






Figure 5.8 (A) tert-butyl alkylurea thiol sensor response profile in response to 0.1 ppb 
to 1000 ppm of acetone vapor. (B) Sensor response versus log[acetone (ppb)] in 






Figure 5.9 (A) Cyclohexyl alkylurea thiol sensor response profile in response to 0.1 
ppb to 1000 ppm of acetone vapor. (B) Sensor response versus log[acetone (ppb)] in 







Figure 5.10 (A) Phenyl alkylurea thiol sensor response profile in response to 0.1 ppb 
to 1000 ppm of acetone vapor. (B) Sensor response versus log[acetone (ppb)] in 







Figure 5.11 (A) p-fluorophenyl alkylurea thiol sensor response profile in response to 
0.1 ppb to 1000 ppm of acetone vapor. (B) Sensor response versus log[acetone (ppb)] 





Figure 5.8 to 5.11 show that t-butyl alkylurea thiol sensor is most sensitive to 
acetone in series 2, which is the same as series 1. The limit of detection of the sensors 
in series 2 is 0.1 ppb, which is different for cyclohexyl and phenyl alkylurea thiol 
from the first series. The response of p-fluorophenyl alkylurea thiol sensor is the 
lowest and saturates above 10 ppb.  
In general, the response of alkylurea thiol sensor is larger than 
monoalkoxyurea thiol sensor. For example, the response of 1 ppm acetone is 94 for t-
butyl alkylurea thiol sensor and 13 for t-butyl monoalkoxyurea thiol sensor. The 
reason of this phenomenon can be explained by α- effect of an adjacent 
electronegative atom proposed by Edwards and Pearson [172, 173]. The presence of 
an electronegative atom with one or more unshared pairs of electrons in an α-position 
to nucleophilic atom was the controlling feature of overall nucleohilicity/acidity. 
Thus the unshared pair of electrons on O-atom stabilizes the acidity of urea NH, 
which could ameliorate the H-bonding donating capability of urea NH. For example, 
in the case of monoalkoxyurea thiol, the α-O atom makes the –NH– more acidic. This 
could form an efficient hydrogen bonding network, and the network between chains 
becomes too strong. Acetone is hard to get through and interact with AuNPs, thus 
shows lower response. As for alkylurea thiol sensor, the hydrogen bonding network is 








3.3 Response Results for bis-Alkoxyurea Thiol Sensor Sensing Acetone 
 
By comparing the 4 thiols functionalized AuNP sensors in series 1 with 4 
thiols functionalized AuNP sensors in series 2, we tested tert-butyl and cyclohexyl 
bis-alkoxyurea thiol functionalized AuNP for series 3. Figure 5.12 to 5.13 show the 
















Figure 5.12 (A) tert-butyl bis-alkoxyurea thiol sensor response profile in response to 
0.1 ppb to 1000 ppm of acetone vapor. (B) Sensor response versus log[acetone (ppb)] 






Figure 5.13 (A) Cyclohexyl bis-alkoxyurea thiol sensor response profile in response 
to 0.1 ppb to 1000 ppm of acetone vapor. (B) Sensor response versus log[acetone 




Figure 5.12 and 5.13 show that the response for t-butyl bis-alkoxyurea thiol 
sensor is larger than that of cyclohexyl bis-alkoxyurea thiol sensor, which is 
consistent with the results for the other two series. However, the sensitivity (slope of 
the calibration curve) is low. Here, we use bar plot to compare the responses of three 
series of urea thiol sensors sensing 1 ppm acetone (Figure 5.14). It is clearly shown 
that alkylurea thiol sensors exhibit the highest response for any functional groups. 
Both electronic and steric effects need to be considered here. In bis-alkoxyurea thiol 
sensors, two α-O atoms make ―NH― even more acidic than monoalkoxyurea thiol 
sensors [174-177], and the networks between chains are stronger. Acetone is hard to 
access the network, so bis-alkoxyurea thiol sensors show lowest response among 
three series. For different control groups, tert-butyl group is bulky and the network is 








Figure 5.14 The response patterns for three series urea thiol sensors sensing 1 ppm 
acetone. The inserted graph is a magnified view of the response below 6. 
 
4. Selectivity of tert-butyl Alkylurea Thiol Sensor for Acetone 
  
Given the high sensitivity of tert-butyl alkylurea thiol sensor toward acetone, 
we set out to test the acetone-sensing selectivity of the sensor by measuring sensor 
responses to ethanol and benzene (Figure 5.15).  As the slope of the linear regression 
curve is a direct measure of sensitivity, the relatively flat slopes obtained for ethanol 
(0.39) and benzene (2.52) imply that the sensor discriminates in its interaction with 
VOCs. The stronger sensitivity for tert-butyl alkylurea thiol toward acetone (slope = 
33.2) than tert-butyl monoalkoxyurea thiol (slope = 4.6) and tert-butyl bis-alkoxyurea 
thiol sensor (slope = 0.064) indicates that the hydrogen bonding interaction is affected 





Figure 5.15 tert-butyl alkylurea thiol sensor response versus log[analyte (ppb)] in 





In conclusion, we have prepared panels of monoalkoxyurea thiols, alkylurea 
thiols and bis-alkoxyurea thiols that differ principally in the control group R to 
develop optimal acetone-binding substrates for attachment of gold nanoparticles at 
ambient temperature. From our results, we found out that in general alkylurea thiols 
functionalized gold nanoparticle sensors show the highest sensitivity, among which 
the control group tert-butyl exhibits largest sensitivity and selectivity toward acetone 
with the detection limit of 0.1 ppb. The concept of designed thiols for selective 




carbonyl hydrogen bonding helps improve the chemiresistor sensitivity and 







SUMMARY AND FUTURE WORK 
 
This dissertation has investigated gas sensors based on gold nanoparticles 
functionalized with thiol motifs for detecting volatile organic compounds in both air 




Nanoparticle-structured sensing arrays provide new opportunities for 
enhancing the design of sensor materials in terms of sensitivity and selectivity. The 
device is inexpensive, portable and amenable to use, making them potentially 
valuable in medical diagnosis. In this work, we have demonstrated the capability of 
nanostructured gas sensors derived from gold nanoparticles functionalized with thiol 
assemblies for the detection of VOCs. Gas sensing measurements reveal that the 
sensors show the lowest limit of detection to acetone among the reported 
chemiresistors to date. We have designed new thiol motifs to functionalize gold 




selectivity of the sensors for sensing trace carbonyl compounds in air and exhaled 
breath.  
AuNPs were synthesized at room temperature using a two-phase reduction 
approach. Interdigitated electrodes were designed using CAD program and fabricated 
using lift-off microfabrication technique. The results of sensor measurement show 
that the nanostructured sensors display linear responses to the target analyte 
concentrations. We used different alkyl chain length of the thiol monolayer 
surrounding the AuNPs to control the electronic properties of the sensing film. We 
found that films containing larger number of alkyl chain carbons showed greater 
responses and sensitivities to VOCs in a range from 0.1 ppb to 1000 ppm. Because of 
the poor sensitivity and selectivity of the commercial thiols functionalized AuNP 
sensors, we have developed new thiol ligands fitted with a ω-urea group, which 
provide the unique and parallel-oriented hydrogen bonding networks formed by urea 
moieties and the carbonyl compounds. To the best of our knowledge, it is the first 
time that the thiol with urea-functional motif is applied to coat on AuNP for sensing 
purpose.  
The sensor properties were measured in both air and exhaled breath samples. 
Humidity effect on the sensors was discussed. Urea thiol sensor shows the largest 
response change with RH increasing from 0 to 90%, while 1-dodecanethiol sensor 
shows the least response change. In this case, the increase in water vapor 
concentration during breath sampling could lead to false acetone detection. However, 
at the same background of other compounds, our sensors were able to recognize 




Thus, it’s better to use adsorbents to remove water vapor before testing high humidity 
samples. 
Based on the good sensitivity and selectivity of monoalkoxyurea thiol sensor, 
we have developed another two series of urea motifs for detecting of acetone, which 
are alkylurea thiols and bis-alkoxyurea thiols with different control groups. The 
synthesis procedures and the sensor measurements of all the three series of thiols 
have been presented. The slope of the linear regression curve is a direct measure of 
sensitivity. The results show that the sensitivity is the highest with functional group of 
tert-butyl in each series of thiols because of its steric effect. Among the three series, 
sensors functionalized with alkylurea thiols have the best sensitivity, which indicate 
that the response is affected by its electronic effect. The response of ethanol and 
benzene were also measured to determine the selectivity. The relative flat slopes 
obtained for ethanol (0.39) and benzene (2.52) imply the alkyurea thiol sensor 
discriminates these VOCs through its interaction with them. The considerably 
stronger sensitivity for tert-butyl alkylurea thiol sensor to acetone (slope=33.2) 
suggests the hydrogen bonding design concept is operative and imparts both 
sensitivity and selectivity. The results have provided us an important noninvasive tool 
for diabetes screening and diagnosis in the future. 
 
2. Future Directions 
 
There are several areas or directions in the near future, which we could further 




1. Gold nanoparticle shape may also play an important role in the gas sensing 
properties. In this work, we have reported the results for spherical AuNPs with 
diameter of ~3 nm. The shape of the nanoparticles can be changed to nanorods, 
nanocubes, nanostars or nanotriangles. The size of gold nanoparticles can also be 
varied. 
2. As the respective sensors are developed, extrapolation to develop motifs for 
detecting other volatile organic compounds can be pursued. For example, arene-
binding substrates can be synthesized for detecting aromatic hydrocarbon (benzene) 
analytes. The use of - interactions ( stacking) is another important interaction 
used for molecular recognition. The strong stacking interactions of the 
tetraphenylethylene unit of the arene binding motif can be exploited. In this manner, 
we can enhance the sensitivity and selectivity for the gold nanosensor array to 
benzene as well as other aromatic hydrocarbons.  
3. As discussed before, human breath contains more than 90% of humidity 
and our sensor shows large response under high humidity. Adsorbents need to be used 
to remove water before the measurement. Also, in our study, we used simulated 
diabetes breath sample for the measurements. In future, real diabetic patient’s breath 
samples can be applied for the sensor to differentiate it from healthy controls. Many 
VOCs were found as the biomarkers of a certain disease. If we can synthesis different 
thiols which show high sensitivity and selectivity to the biomarkers, it’s promising for 
us to diagnose the disease at early stage.  
4.  The long term stability of the sensors needs to be achieved for deployment 




because the oxidation of the surface thiolate occurs when exposed to air, light and 
moisture under ambient conditions. Trithiol ligands may need to be synthesized to 
functionalize AuNP in order to overcome this limitation. The deterioration rate of 
trithiolate ligand should be significantly slower since the chance of three thiolate 
groups being completely oxidized and desorbed is significantly lower. Therefore, the 
aggregation of nanoparticles is highly restrained. Also, the higher binding energy of 
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